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Appendices I  






Chromosome duplication and equal partitioning of chromosomes to progeny cells are 
the central events in cell division.  An ordered set of cellular events has to be executed 
in a highly coordinated fashion to ensure proper alignment and segregation of the 
duplicated chromosomes (sister chromatids).   Kinetochores (a multi-protein complex 
assembled on the centromeric DNA) and the mitotic spindle (a microtubule-based 
assembly where microtubules radiate from two centrosomes or spindle pole bodies in 
yeast) play important roles in the separation of sister chromatids.  Prior to anaphase, 
sister-chromatids are held together by a protein complex known as cohesin which 
prevents premature segregation.  Some time during late S phase, microtubules 
emanating from the centrosomes establish amphitelic (or bipolar) attachment to sister-
kinetochores.  During metaphase to anaphase transition, ubiquitin-dependent 
destruction of securin Pds1 by APC (Anaphase Promoting Complex) liberates the 
caspase-like protease known as the separase (Esp1 in yeast), which in turn cleaves the 
cohesin subunit Scc1 leading to the successful separation of duplicated sister 
chromatids.  Once bipolar attachment is established in mid-to-late S phase, sister 
kinetochores experience a pole-ward pull causing transient separation of centromeric 
chromatin prior to anaphase termed ‘elastic deformation’ of chromosomes.  This force 
is presumably countered by the cohesin complex which holds sister chromatids 
together until the onset of anaphase.  It is important for cells to resist this pole-ward 
pull prior to anaphase for the maintenance of genomic stability; this becomes 
particularly important when cells face relatively long periods of stagnation during 
mitosis, for example, due to activation of checkpoints.  It is not clear whether cohesin 
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complexes alone are sufficient to resist the pole-ward tug at the centromeric region or 
whether auxiliary proteins are required to augment or bolster the resistance.  
 
It is with this in mind that we started an investigation into the role of the kinetochore 
protein Slk19.  Slk19 has previously been shown to be the only other known target of 
separase Esp1 other than the cohesions. It localizes to kinetochores and, after cleavage 
by the separase, translocates to the spindle midzone.  We find that during pre-anaphase 
arrest, the spindle in cells deficient in kinetochore protein Slk19 is excessively 
dynamic and the nucleus moves prematurely into the mother-daughter junction.  As a 
result, the chromatin mass undergoes a partial division which does not require either 
APC activity or Scc1 cleavage.  Partial division of chromatin mass is accompanied by 
the loss of  centromeric region’s ability to resist pole-ward pull by the spindle.  Slk19 
was found to physically associate with Scc1 and this association appears necessary for 
Slk19’s efficient cleavage by separase.  Based on our observations, we propose that 
Slk19 participates in regulating nuclear migration and, in conjunction with the cohesin 
complex, is involved in the maintenance of centromeric tensile strength required to 
resist the pole-ward pull.   
 
Mitotic stagnation can also be imposed on cells when the DNA-damage-inducible 
checkpoint is activated.  It is now well established that upon DNA damage, the 
checkpoint activates Mec1 kinase (human ATM/ATR-like kinase) which in turn leads 
to activation of two other kinases, namely Chk1 and Rad53 (similar to human Chk2), 
to impose G2/M arrest, thus allowing the cells sufficient time for DNA repair.  It is 
generally believed that the DNA damage checkpoint inhibits segregation of damaged 
chromosomes by preventing cohesin cleavage via phosphorylation of securion Pds1 
Summary 
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rendering it resistant to proteolytic destruction by APCCdc20.  However, we find that 
removal of cohesins alone does not lead to spindle extension or complete separation of 
damaged chromosomes in most cells.  We document evidence which show that DNA 
damage checkpoint also actively prevents mitotic spindle elongation via regulation of 
the microtubule associated proteins (MAPs).  Our data suggest that the checkpoint 
kinase Rad53 inhibits polo kinase Cdc5 to maintain APC activator Cdh1 in a partially 
active state which prevents accumulation of Cin8 and Kip1, thus precluding spindle 
elongation.  Hence, we propose that during mitotic arrest, the DNA damage checkpoint 
maintains chromosome integrity by preventing both dissolution of the sister-chromatid 
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Chapter 1 Introduction 
 
Chromosome duplication and segregation are two important cellular events, which 
ensure that progeny cells inherit equal complement of genetic material during cell 
division.  Cellular events leading to partitioning of chromosomes have to be 
coordinated precisely to maintain the integrity of the genome.  Gross departure from 
this precision can compromise genome stability and eventually affects cells’ fitness 
and survival. Cell division cycle can be thought of as a series of ordered cellular 
events, coordinated by two sets of controls: (i) ones that impose intrinsic 
interdependence amongst major events such as chromosome replication, onset of 
mitosis, proteolytic destruction of a class of proteins called cyclins, and cytokinesis  
and (ii) those imposed by surveillance systems known as the checkpoint controls 
(described in detail in the next sections) such that the initiation of a later event is 
prevented if a prior event is not completed or is executed erroneously.  Checkpoint 
controls allow cells to transiently halt cell cycle progression to provide sufficient time 
to repair the errors before the resumption of cell cycle.  Any defect in these 
surveillance systems can result in unbridled continuation of the division cycle with un-
repaired errors, eventually resulting in genomic instability.   
Much of the current knowledge concerning control networks that govern eukaryotic 
cell division has come from investigations using simpler organisms, like the budding 
yeast Saccharomyces cerevisiae and fission yeast Schizosaccharomyces pombe 
because of the ease with which they can be genetically manipulated.  While there are 
some notable differences (for example the nuclear membrane remains intact in both 
yeasts during mitosis unlike that in human cells, where nuclear membrane breakdown 
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is one of the prominent markers of entry into mitosis), the basic operations and control 
circuits that regulate the division cycle are well conserved from the yeast to human.  
Therefore, both budding and fission yeasts continue to be useful experimental systems 
for exploration of the cell division cycle.  In the study documented here, we have used 
the budding yeast to investigate controls that prevent chromosome premature 
segregation in response to DNA damage and maintain the integrity of the nucleus 
when cells stagnate in mitosis. It would be instructive to first take a closer look at the 
general organization of the yeast cell division cycle. 
 
1.1 Cell Cycle of budding yeast Saccharomyces cerevisiae 
The cell cycle of the budding yeast Saccharomyces cerevisiae has been studied 
extensively since the first identification of temperature sensitive cell division cycle 
(cdc) mutants by Leland Harwell (Hartwell et al., 1970; 1971; 1974; Culotti and 
Hartwell, 1971).  Availability of genome sequence of budding yeast in 1996 added a 
new dimension to cell cycle investigations.  It became clear that many regulatory 
pathways (and the effectors acting therein) that control cell cycle progression in yeast 
are well conserved in higher eukaryotes.  Hence, cell cycle research in both budding 
and fission yeasts has served as a working framework for understanding the 
mechanism of cell division cycles of higher eukaryotes.   
Like in other eukaryotes, the budding yeast cell cycle is divided in four phases:  G1, 
the period when the cell prepares itself for entry into a new division cycle; S, the 
period of DNA synthesis; G2, the preparation period for entry into mitosis; and M, also 
called mitotic phase, the period during which duplicated sister chromatids are 
separated followed by cytokinesis.  Based on genetic studies, a major transition point 
in late G1, termed START, has been defined such that, once traversed, cells become 
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irreversibly committed to cell division (Hartwell and Unger, 1977).   One of the visual 
indicators of cells’ passage through START is the emergence of a small bud 
(daughter).  The bud continues its growth throughout the cell cycle eventually reaching 
a size that is somewhat smaller than that of the mother, and separates from the mother 
upon completion of cytokinesis (Hartwell and Unger, 1977).  Other prominent cell 
cycle transitions are termed G1-S, S-M (entry into mitosis) and M-G1 (mitotic exit) 
transitions.  Because G2 phase in the budding yeast is very short (3 min by some 
estimates), S-G2 and G2-M transition are sometimes collectively referred to as S-M 
transition.  One additional event which features quite prominently in the cell cycle 
literature is the metaphase to anaphase transition during which sister-chromatids move 
away from each other, into the mother and daughter compartments.   
The cyclin dependent kinase Cdc28 (CDK1), a highly conserved kinase across species, 
is the key regulator of these transitions (Nasmyth, 1993).  It is activated by association 
with cyclins - thus named because they are synthesized and degraded periodically 
during the cell cycle.  In Cdc28-cyclin kinase complex, Cdc28 can be considered as the 
catalytic subunit and cyclin as the regulatory subunit.  Each cell cycle transition is 
mediated by a set of specific Cdc28/cylin complex (Figure 1).  While G1 cyclins Cln1, 
Cln2 and Cln3 are required for passage through START (Bloom and Cross, 2007), S 
phase cyclins Clb5 and Clb6 mediate the initiation of S phase (Bloom and Cross, 
2007).  Upon completion of DNA synthesis, Cdc28 forms a complex with mitotic 
cyclins (Clb1, 2, 3, 4) and triggers the onset of M phase (Bloom and Cross, 2007).  Of 
these four ‘mitotic complexes’, Cdc28-Clb2 contributes ~70% of the total mitotic 
kinase activity (Surana et al., 1991; Fitch et al., 1992; Richardson et al., 1992).  The 
expression of Cln and Clb cyclins occur in a sequential fashion such that Cdc28 is 
activated by appropriate sets of cyclins at the right stage of the cell cycle (Bloom and 
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Cross, 2007).  The timely transcription of cyclin genes is regulated by another set of 
controls which we will not discuss here because they are somewhat less relevant to the 
subject of our investigations described here. 
In addition to its association with cyclins, the mitotic kinase complex Cdc28/Clb is 
also regulated post-translationally.  Cdc28-Clb complex is inherently unstable; it is 
stabilized by phosphorylation of a highly conserved Thr167 residue of Cdc28 by Cak 
(Cdk activating kinase) (Kaldis, 1999).  Another prominent modification occurs on the 
highly conserved Tyr19 residue, very close to the ATP binding domain.  While 
phosphorylation of Tyr19 by tyrosine kinase Swe1 (homologous to fission yeast and 
human Wee1) (Keaton and Lew, 2006) inactivates the Cdc28 kinase, 
dephosphorylation of this residue by Mih1 (homologous to fission yeast and human 
Cdc25) activates the kinase at the onset of mitosis (Sia et al., 1996).  Unlike in fission 
yeast, both Swe1 and Mih1 of budding yeast are non-essential genes, suggesting that 
other compensatory mechanisms are at work.  Cdk inhibitors add yet another 
dimension to the regulation of master kinase Cdc28.  Sic1, an inhibitor of Cdc28/Clb 
kinase, acts at two stages of the cell cycle: by inhibiting the S phase kinase Cdc28-
Clb5/Clb6 in late G1, it regulates the timing of S phase initiation; it also participates in 
the inactivation of mitotic kinase in late telophase to facilitate exit from mitosis 
(Deshaies, 1997; Mendenhall, 1998). 
While activated Cdc28 serves as the engine that drives the division cycle forward, 
periodic activation of ubiquitin-mediated protein-destruction machineries is equally 
important.  There are three major multi-subunit ubiquitin ligases operative during cell 
cycle, all containing a cullin, a Ring-H2 finger and WD40 subunits: SCF complex 
(Skp1, Cdc53, F box proteins) and two APCs (Anaphase Promoting Complex) i.e. 
APCCdc20 and APCCdh1 activated by Cdc20 or its homologue Cdh1, respectively (Figure 
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1).  SCF mediates the destruction of Sic1 (Verma et al., 1997) during late G1, which 
removes the inhibition of S phase kinase Cdc28/Clb5/Clb and allows onset of S phase.  
APCCdc20 acts at G2/M boundary by ubiquitylating securin Pds1, whose destruction is 
essential for sister chromatid separation (Nasmyth, 2005). It also participates in the 
biphasic mode of destruction of mitotic cyclins Clb1 and Clb2 (Yeong et al., 2000) 
causing the first wave of cyclin destruction beginning from the onset of anaphase such 
that their abundance is reduced to ~50% by the time cells reach telophase.  This is 
necessary for the activation of APCCdh1, which is inhibited by mitotic kinase mediated 
phosphorylation.  Reduction in mitotic kinase activity by APCCdc20 paves the way for 
the activation of APCCdh1 by Cdc14 phosphatase, which is released from the nucleolus 
under the influence of the Mitotic Exit Network (MEN).  Activated APCCdh1 mediates 
further destruction of mitotic cyclins, thus allowing cells’ timely exit from mitosis.  
Hence proteolytic destruction plays a critical role in the progression of the division 
cycle.  




Figure 1. A schematic diagram of the budding yeast cell division cycle.  
 
The division cycle of budding yeast, like other eukaryotes, is divided into four phases, G1, S, 
G2 and M phase.  Essentially a set of sequential events, it is driven by the key cyclin-
dependent kinase Cdc28 (Cdk1) and three different sets of cyclins, namely, G1 cyclins (Cln1, 
Cln2, Cln3), S phase cyclins (Clb5, Clb6) and mitotic cyclins (Clb1, Clb2, Clb3, Clb4).  
Progression through the cell cycle also requires participation of the ubiquitin-mediated 
proteolytic destruction machinery mediated by three main multi-subunit ubiquitin ligases: 
SCF, APCCdc20 and APCCdh1.  Three main checkpoints in the cell division cycle (Spindle 
assembly checkpoint, DNA replication checkpoint, and DNA damage checkpoint) are shown 
respectively.  A myriad of other effectors is also required for proper functioning and 
coordination of cell cycle events.  See text for the details of functional relationships among 
various cell cycle regulators. 
CHAPTER 1: Introduction 
 7 
 
CHAPTER 1: Introduction 
 8 
1.2 Onset of mitosis 
Since our investigations are focused primarily on chromosome segregation, we 
examine, in the following sections, some of the main events surrounding the onset of 
M phase and the metaphase-anaphase transition.  As in organisms such as fission 
yeast, onset of M phase in budding yeast requires activation of Cdc28 by 
dephosphorylation of the conserved Tyr19 residue near the ATP binding pocket 
(Amon et al., 1992; Sorger et al., 1992).  This dephosphorylation event is essential for 
mitotic entry because cells expressing Cdc28Y19E (tyrosine 19 residue replaced by 
glutamic acid residue) fail to enter mitosis and arrest with a large bud, 2N DNA 
content and an undivided nucleus devoid of mitotic spindle (Lim et al., 1996). 
However, Tyr19 dephosphorylation, though essential, is not rate limiting for M phase 
onset since expression of constitutively activated Cdc28 (Cdc29Y19F), unlike the 
expression of constitutively active Cdc2 in fission yeast, does not lead to premature 
entry into mitosis, suggesting that some other event (s) may be the rate limiting step 
(Amon et al., 1992; Sorger et al., 1992).  In most eukaryotic cells, chromosome 
condensation is apparent at the time of entry into M phase.  However, due to the small 
size of S. cerevisiae chromosomes, chromosome condensation cannot be easily 
visualized (Hirano. 2000; 2005; 2006).  Furthermore, metaphase chromosomes in 
budding yeast do not congress to what would be the metaphase plate in higher 
eukaryotes.  Using fluorescence markers to mark the individual chromosomal loci, it 
has been shown that at metaphase, chromosomes in budding yeast do congregate at the 
mid-region but show a fairly wide distribution (Straight et al., 1997). 
Since G2 phase is very short (or almost nonexistent), the metaphase to anaphase 
transition happens shortly after cells have entered M phase upon activation of the 
mitotic kinase. Activation of mitotic kinase complex Cdc28/Clb at G2/M transition 
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leads to the activation of another critical mitotic regulator, the ubiquitin ligase 
APCCdc20, most likely involving phosphorylation of Cdc20 and/or APC subunits 
(Stegmeier et al., 2007; Reddy et al., 2007).  APCCdc20 plays an important role in the 
separation of sister chromatids during metaphase to anaphase transition (Uhlmann et 
al., 1999).  Being the central act of mitosis, the activities required for chromosome 
segregation such as capturing of chromosomes by spindle microtubules to attain 
bipolar (amphitellic) attachment (Pinsky and Biggins, 2005) and the sister-chromatid 
separation are highly regulated to prevent premature segregation, which may lead to 
chromosomal aberrations (Gruber et al., 2003; Nasmyth and Haering, 2005; Hirano, 
2006).  
 
1.3 Regulation of chromosome segregation 
1.3.1 The cohesin complex 
Once DNA replication is completed during S phase, pairs of sister chromatids are held 
together by a highly conserved multi-subunit cohesin complex.  This cohesin complex 
consists of Smc1 and Smc3, which belong to a conserved protein family called 
Structural Maintenance of Chromosomes (SMC), and Kleisin subunits Scc1/Mcd1 and 
Scc3 (Nasmyth and Haering, 2005).  SMC proteins (Smc1 and Smc3) of the cohesin 
complex fold back on themselves through anti-parallel coiled-coil interactions bringing 
the amino- and the carboxy terminals together to form the head domain (ATP- binding 
cassette) at one end and a dimerization ‘hinge’ at the other.  Scc1 and Scc3 dimerize 
through their central domain to form a V-shaped molecule.  The non-SMC components 
Scc1 and Scc3 appear to contact the head region of Smc3 and Smc1 (Nasmyth and 
Hareing, 2005).  Biochemical analysis showed that the amino-terminus of Scc1 binds 
the head domain of Smc3, and carboxy-terminal domain of Scc1 associates with 
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Smc1’s head domain.  The forth subunit Scc3 augments the ring structure through the 
interaction with the central region of Scc1.  This sort of subunit arrangement confers a 
ring-like shape on the cohesin complex a ring-like shape (Nasmyth and Haering, 
2005). 
The ring-shaped structure of cohesin complex raises an important question: how does 
this structure associate with chromatin to tether the sister-chromatids together?   Two 
distinct models have been proposed to explain the establishment of sister chromatid 
cohesion (Nasmyth and Haering, 2005; Milutinovich et al., 2007).  According to one 
model (Nasmyth and Hareing, 2005), association of cohesin with chromatin is of a 
somewhat topological nature such that cohesin complex holds the sister-chromatids 
together by trapping them inside the ring.  The diameter of the cohesin ring is 
theoretically estimated to be ~35 nm; this should be sufficiently large to ‘encase’ the 
two 10 nm chromatin fibers (Ivanov and Nasmyth, 2005).  This model suggests that 
the cohesin complex encircles chromosomes prior to replication but have no contact 
with chromatin.  The entry of DNA into the cohesin ring requires transient dissociation 
of Smc1 and Smc3 hinge domains (Gruber et al., 2006).   At least some aspects of this 
mode of cohesion appear to be consistent with the release of chromatin and dissolution 
of cohesion by Scc1 cleavage (Gruber et al., 2003).  The oligomerization model, on the 
other hand, suggests that cohesins bind to both sister chromatids.  Cohesins bound to 
one of sister-chromatid oligomerizes with cohesins on the other to confer cohesion 
(Milutinovich et al., 2007).  More recently, studies using random insertion dominant 
negative (RID) mutations suggest that cohesins bind to specific sites (known as CARs, 
see below) as they emerge from the replication fork and subsequently capture the 
homologous sites on the sister chromatids (Milutinovich et al., 2007) to generate 
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cohesion.  Thus far, the exact nature of the mechanism that generates cohesion remains 
poorly understood. 
The forgoing discussion raises another pertinent issue: are there specific cohesin 
binding sites on the chromatin or are they randomly distributed along the length of 
sister chromatids?  Chromatin immunoprecipitaion experiments show that cohesin 
binding sites are not randomly distributed (Megee et al., 1999; Tanaka et al., 1999). 
They have been mapped to sites on chromosome arms known as Cohesin Associated 
Region or CARs (Megee et al., 1999; Milutinovich et al., 2007).  Mostly located in the 
intergenic regions or transcriptional inactive regions, CARs show 5-10kb spacing on 
chromosome arms and are generally AT rich but do not share any consensus 
sequences.  Centromeric region appears to be enriched in CARs (Megee et al., 1999; 
Milutinovich et al., 2007).  This is consistent with the centromeric region’s need to 
oppose the pole-ward pull by the mitotic spindle (Tanaka et al., 2000).  In fission 
yeast, the enrichment of cohesin binding sites at the centromeric region is dependent 
on heterochromatin protein Swi6 which binds to nucleosomes whose histone H3 
subunit is methylated (Nonaka et al., 2002). 
 
1.3.2 Non- cohesin components 
While cohesin complex is the main agent that holds the sister-chromatids together, 
association with chromatin does not necessarily enable cohesins to confer cohesion.  In 
many organisms where cohesin is in abundance throughout the cell cycle, a fraction of 
it is associated with DNA in G1 and clearly does not provide sister chromatid 
cohesion.  Cohesin’s ability to confer cohesion would obviously seem to be associated 
with DNA replication because of the presence of sister chromatids.  However, delayed 
expression of Scc1 until the end of S phase appears to be unable to provide sister-
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chromatid cohesion (Uhlmann and Nasmyth, 1998).  One explanation for this is that 
special factors are required to confer cohesion during replication, which may be either 
in low abundance or ‘unavailable’ once replication is completed. In addition to 
cohesins, non-cohesin components are also required for establishment and 
maintenance of cohesion.  It is known that in budding yeast, Scc2 and Scc4 are 
required for cohesin localization to both centromeric region and chromosome arms, 
suggesting that additional protein factors may mediate cohesin loading (Ciosk et al., 
2000).    This notion is consistent with the observation that Eco1 (also called Ctf7 and 
Eso1 in S. pombe) is crucial for establishing cohesion in S phase, but not for 
maintaining it during G2-M phases (Ivanov et al., 2002).  Maintenance of cohesion 
during mitotic arrest (due to the depletion of Cdc20, for instance) requires Pds5 (Spo76 
in Sordari macrospora, BimD in Aspergillus nidulans, Pds5 in S. pombe and AS3 in 
human.) (Hartman et al., 2000; Panizza et al., 2000).  Moreover, localization of Pds5 
to the centromere and chromosomal arms and its dissociation from the chromosomes 
appears to be Scc1 dependent (Hartman et al., 2000; Panizza et al., 2000).  Members 
of a family of DNA polymerase β-like nucleotidyltransferases, Ctf4 and Ctf18 are 
reported to have an essential role in coordinating DNA replication and sister chromatid 
cohesion (Hanna et al., 2001).  These observations suggest that non-cohesin proteins 
play an important role in establishing cohesion. 
 
1.4 The kinetochore 
Chromosome segregation in eukaryotic cells is assisted by two important cellular 
structures: mitotic spindles and the kinetochores.  Kinetochores are multi-protein 
complexes assembled on the centromeric DNA (McAinsh et al., 2003).  Microtubules 
emanating from the two, oppositely located centrosomes are captured by sister 
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kinetochores sometime in late S phase.  This attachment regime is referred to as 
amphitellic or bipolar orientation (bi-orientation), which helps mitotic spindle to 
become a tension-ridden structure (Pinsky and Biggins, 2005).  Kinetochores have 
been investigated extensively because of their importance in chromosome segregation 
and due to a strong correlation between their malfunction and chromosome instability, 
which is an important factor in the onset of tumorigenesis.  Initial studies of 
kinetochore proteins were performed in budding and fission yeast due to their 
relatively simple structures.  The main focus has been on the elucidation of their 
subunit composition, the process of their assembly, the mechanism by which 
microtubules are captured by the kinetochores and the role of various components in 
the establishment of bi-orientation.  Though new kinetochore components are being 
identified in ever increasing numbers using biochemical, genetic, proteomics and 
bioinformatics approaches, the functions of many of these sub-complexes and 
individual components remain to be elucidated.  
 
1.4.1 Kinetochores of budding yeast Saccharomyces cerevisiae 
Kinetochore, a multi-protein complex consists of at least 65 different protein subunits 
assembled on centromeric regions of duplicated chromosomes (although new 
components are still being identified).  It mediates multiple aspects of spindle and 
chromosome dynamics such as microtubule attachment, force generation by 
microtubule assembly/ disassembly, sensing of microtubule attachment error and 
subsequent activation of spindle assembly checkpoint (McAinsh et al., 2003).  The 
centromeric region of budding yeast on which kinetochore is assembled is simple and 
spans only 125bp.  This region can be separated into 3 distinct domains, designated 
CDE I, CDE II and CDE III.  This centromeric DNA is wrapped around a single 
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nucleosome containing two molecules of the centromere specific histone H3 variant 
Cse4 (Cleveland et al., 2003).  The basic kinetochore structure consists of three layers 
as elucidated by electron microscopy studies (Cheeseman et al., 2002).  The 
components of the kinetochore have been classified into three groups: whether they 
function at the interface with centromeric DNA (inner kinetochore proteins), at the 
interface with spindle microtubules (outer kinetochore proteins), or at the interface 
between the inner and outer kinetochore proteins (central kinetochore proteins) (Figure 
2).  The schematic diagram of the kinetochore is shown in Figure 3.  Among the inner 
kinetochore proteins, centromere-binding factor 1 (CBF1) specifically binds to CDE I, 
CBF3 binds to CDE III, and Cse4 binds to CDE II in a CBF3 dependent manner.  
CBF3 complex consists of 4 proteins: Ndc10, Cep3, Ctf13 and Skp1.  At least 5 
complexes have been shown to localize in the central and outer layers.  They are 
COMA complex, Ctf3 complex, MIND/Mtw1 complex, Ndc80 complex and Dam1 
complex (Vos et al., 2006).  In turn, various motor proteins and microtubule-associated 
proteins (MAPs), for example Cin8 and Kip1, are recruited to this layer, and a 
functional microtubule attachment site is thus formed, where microtubule plus end is 
captured and retained (Meraldi et al., 2006).  Interestingly, kinetochores of budding 
yeast localize near the spindle pole bodies during most of the cell cycle, which 
suggests that kinetochore always remain assembled and attached to the microtubules 
(Biggins and Walczak, 2003).  In budding yeast, on average, only one microtubule 
emanating from the opposite spindle pole body (SPB) is captured at the microtubule 
attachment site of the kinetochores.  Since budding yeast has a close mitosis (i.e. 
nuclear envelope never breaks down) the attachment to the SPBs might be maintained 
throughout the cell cycle. Kinetochore is a dynamic structure in that some of its 
components are not constitutively localized on kinetochores.  These proteins have 
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different sub-cellular localization so that they can serve different functions during 
different stages of the cell cycle.  For example, Ipl1 and Sli15 initially localize onto 
kinetochores when participating in the sensing of successful bipolar attachment, but 
relocate to the spindle mid- zone later at the metaphase-to-anaphase transition to 
stabilize the mitotic spindles (Pereira and Schiebel, 2003).  In addition, several other 
kinetochore proteins such as, Bir1, Cep3, Cin8, Dam1, Duo1, Slk19, and Stu2, localize 
to the spindle during anaphase; many of these components have been shown to play a 
role in controlling spindle dynamics (Montpetit et al., 2006).  In addition to the 
extensive studies of the kinetochore in budding yeast, numerous studies in other 
organisms have also helped to elucidate the nature of the kinetochore structure, 
assembly and the function of their components. 
 




Figure 2. Budding yeast kinetochore proteins and their homologues.  
(Cheeseman IM et al. 2002. J. Cell Biol. 157: 199-203.) 
 
Classification of budding yeast kinetochore proteins are based on their function and 
interactions within the kinetochore.  Essential genes are shown in red, and nonessential genes 
are shown in black.  Where applicable, the metazoan homologue of each protein is listed.  For 
proteins with no identifiable metazoan homologue, the S. pombe homologue is listed in blue.  
In cases where kinetochore function has not been definitively established, the protein is tagged 
with a question mark. (Reproduced from The Journal of Cell Biology, 2002, 157: 199-203. 





Figure 3. A schematic diagram of the budding yeast kinetochore. 
(Reproduced from The Journal of Cell Biology, 2002, 157: 199-203. Copyright 2002 The 
Rockefeller University Press.) 




 (Reproduced from The Journal of Cell Biology, 2002, 157: 199-203. Copyright 2002 
The Rockefeller University Press.) 
CHAPTER 1: Introduction 
 18 
 
(Reproduced from The Journal of Cell Biology, 2002, 157: 199-203. Copyright 2002 The 
Rockefeller University Press.) 
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1.4.2 Kinetochores of other organisms 
As in the budding yeast, the functions of the kinetochore in vertebrates include sister 
chromatid cohesion and separation, microtubule attachment, chromosome movement, 
establishment of heterochromatin, and mitotic checkpoint control (Fukagawa, 2004). 
However, unlike budding yeast, the centromeric DNA in Schizosaccharomyces pombe 
ranges from 35kb to 110kb in size, and maintain the same overall structure of a central 
core of non- repetitive sequence flanked by inverted repeat structures (Pidoux and 
Allshire, 2004).  In Caenorhabditis elegans, chromosomes are holocentric (as opposed 
to monocentric in yeast) in that microtubules bind along the entire length of the 
chromosomes, suggesting that kinetochores are diffused and extend along the entire 
length of its chromosomes (Maddox et al., 2004).  In Drosophila melanogaster, 
several islands of complex sequences with simple repetitive DNA have been mapped 
in the centromeric DNA (Carroll and Straight, 2006).  Human centromeric DNA 
ranges in size from less than 200kb to more than 4 Mb, and is composed of a highly 
repetitive alpha satellite DNA (Vos et al., 2006).  In some cases, this alpha satellite 
DNA is sufficient to induce kinetochore assembly; however, like in S. pombe, 
epigenetic components may also be required for kinetochore assembly.  For instance, 
human neocentromeres, which does not contain alpha satellite DNA, can still form 
functional kinetochores (Carroll and Straight, 2006).  Using immunological detection 
procedures and currently available proteomics and bioinformatics methods, several 
proteins in the centromeric region have been identified, namely, CENP-A, CENP-B, 
CENP-C, CENP-G, CENP-H, CENP-I, CENP-U and Mis12 (Vos et al, 2006).  CENP-
A and Mis12 belong to two separate pathways in kinetochore assembly because the 
localization of CENP-A is not affected in Mis12 depleted HeLa cells (Goshima et al., 
2003).  It has been suggested that these two pathways are not simple and linear, but 
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branched and interconnected (Fukagawa, 2004).  Unlike in the case of the budding 
yeast, many kinetochore components in vertebrates are cell cycle regulated with 
respect to their localization and abundance.  The structure of kinetochore in vertebrates 
is seen as a trilaminar button-like structure on the surface of the centromere by electron 
microscopy (Biggins and Walczak, 2003).  On the microtubule kinetochore interface, 
vertebrate kinetochores have a complex and dynamic structure with multiple 
attachment sites for kinetochore microtubules (up to 30 in humans, and 7 in mouse, 2-4 
in fission yeast) (Cleveland et al., 2003).  In vertebrates, as is the case in yeast, 
proteins such as CENP-E, mitotic kinesin, dynein, INCENP, Aurora, Survivin, Mad, 
Bub and ZW10 only transiently localize to the kinetochores during some stages of the 
cell cycle (Fukagawa, 2004). 
 
1.5 Chromosome condensation and topoisomerse II 
The primary purposes of mitotic chromosome condensation in eukaryotic cells are to 
reduce chromosome arm lengths so that truncation during cell division can be avoided 
and proper separation and segregation of sister chromatids can be facilitated (Belmont, 
2006).  Therefore, condensation is considered a preparatory process for the final and 
faithful separation of sister chromatids.  The process of chromosome condensation is 
mediated by condensin complexes: condensin I in budding yeast and S. pombe, 
condensin I and II in humans and plants, and condensin II in C. elegans. These 
complexes consist of various proteins that are conserved from yeast to human.  Two of 
its subunits, Smc2 (Cut14 in S. pombe, XCAP-E in Xenopus, MIX-1 in C. elegans, 
DmSMC2 in Drosophila and hCAP-E in human), and Smc4 (Cut3 in S. pombe, 
XCAP-C in Xenopus, DmSMC4 in Drosophila and hCAP-C in human) are members 
of the ubiquitous SMC (Structural Maintenance of Chromosomes) proteins containing 
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characteristic coiled-coil and ATPase domains (Hirano, 2000).  In addition, the non-
SMC subunits include Ycs4 (Cnd1 in S. pombe, XCAP-D2 in Xenopus, CG1911 in 
Drosophila and hCAP-D2 in human), Ycs5/Ycg1 (Cnd3 in S. pombe, XCAP-G in 
Xenopus, CG17054 in Drosophila and hCAP-G in human) and Brn1 (Cnd2 in S. 
pombe, XCAP-H in Xenopus, Barren in Drosophila and hCAP-H in human) (Hirano, 
2005).  Condensation can lead to mitotic chromosomal compaction from 
approximately two fold in budding yeast to 4~50 fold in human.  This compaction 
ensures a successful passage of the chromosome material through the bud neck in 
budding yeast.  In human cells, condensation leads to the formation of a discrete set of 
rod-shaped chromosomes, thus facilitating a rapid sister chromatid separation in the 
subsequent metaphase to anaphase transition (Sullivan et al., 2004).  Recently, it has 
been found that condensin is required for chromosome arm cohesion during mitosis 
(Lam et al., 2006).  Furthermore, condensin was shown to enhance association of 
Polo-like kinase Cdc5 and its phosphorylation of cohesin, which can facilitate the 
removal of cohesin during meiosis I (Yu and Koshland, 2005). 
Short artificial linear DNA is more prone to mis-segregation than long ones.  
Therefore, inter-twining (also known as catenation) of DNA during S-G2 phase may 
effectively ensure that both DNA strands are in close physical proximity (Hirano, 
2000).  However, under such circumstances, decatenation is undoubtedly required in 
G2 and early M phase for smooth segregation of chromosomes.  DNA condensation 
probably facilitates the decatenation of sister chromatids, which involves topological 
modification of DNA strands and is mediated by topoisomerse II in eukaryotic cells 
(Downes et al., 1994; Gimnenz-Abian et al., 2002).  A surveillance system to monitor 
the coordination between decatenation activity of topoisomerse II and the cell cycle 
progression has been proposed (Downes et al., 1994; Gimnenz-Abian et al., 2002).  It 
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is unclear whether catenation participates in resisting the pole-ward force generated 
once the bipolar attachment is established (Andrews et al., 2006).  The mechanism by 
which topoisomerase II is activated during M phase also remains to be elucidated. 
 
1.6 Chromosome segregation during mitosis in budding yeast 
While establishment of cohesion needs further elucidation, regulation of cohesin 
cleavage during metaphase-to-anaphase transition is fairly well understood.  During 
metaphase-to-anaphase transition, the cohesin complex is disassembled when its 
subunit Scc1 is cleaved by a cysteine protease called Separase (encoded by ESP1 
gene), leading to sister-chromatid separation. Scc1 contains two unique sites at amino 
acid residues 180 and 268 respectively (TSLEVGRR and NSVEQGRR) which can be 
specifically recognized by Esp1 (Uhlmann et al., 1998).  Esp1 activity is under the 
control of a negative regulator securin, encoded by PDS1 in budding yeast.  Pds1 
inhibits sister-chromatid separation by associating with and thus inhibiting Esp1.  
Another level of control is imposed on Esp1 by regulating its localization; and it is 
retained in the cytoplasm by Pds1 (Ciosk et al., 1998).  Only when Pds1 is 
ubiquitylated by APCCdc20 does Esp1 localize to the nuclei and cleave Scc1 to allow 
segregation of sister chromatids (Uhlmann et al., 1999).  Thus Pds1 regulates Esp1 
both positively and negatively (Figure 4).  Polo-like kinase Cdc5 also plays an 
important role in chromosome segregation in budding yeast.  Phosphorylation of Scc1 
by polo kinase Cdc5 facilitates its cleavage by the separase Esp1 rendering metaphase 
to anaphase transition more efficient (Alexandru et al., 2001). 




Figure 4. Regulation of chromosome segregation. 
 
Securin Pds1 inhibits sister-chromatid separation by associating and inhibiting separase Esp1.  
Only when Pds1 is ubiquitylated by APCCdc20 is Esp1 liberated and cohesin subunit Scc1 
cleaved to allow segregation of sister-chromatids.  The phosphorylation of Scc1 by polo kinase 
Cdc5 facilitates its cleavage by Esp1.  With the chromosome segregation and mitotic cyclins 
destruction, cell exits from mitosis. 
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1.7 Chromosome segregation of vertebrate cells 
Although the processes and the proteins involved in the chromosomal segregation of 
vertebrate cells and the budding yeast are highly conserved, some aspects of 
chromosome segregation may differ.  In vertebrates, cytological observations indicate 
that in metaphase, the arm regions’ cohesion of sister chromatids is reduced 
significantly, but centromeric regions remain bound by cohesin until the onset of 
anaphase.  In a prolonged metaphase, “X-shaped” chromosomes are formed due to a 
complete separation of chromosome arms by addition of a microtubule destabilizing 
drug such as nocodazole (Losada and Hirano, 2001).  Furthermore, it has been shown 
that cohesins dissociated from chromosome arms during prometaphase and mitotic 
prophase is under the influence of Polo-like kinase (Plk1) and Aurora B kinases 
instead of being cleaved by separase via the prophase pathway.  Also, Plk1 has been 
found to directly phosphorylate the cohesion complex.  The phosphorylation of SA2 
(SCC3 homologous in humans) is essential for chromosome arm cohesin dissociation 
during prophase and prometaphase, but is not required for centromeric cohesin 
cleavage by separase, because the non- phosphorylatable form of SA2 in human cells 
has the potential to persist during prophase along the chromosome length, and 
therefore preserve cohesion (Losada et al.; 2002, Sumana et al., 2002; Hauf et al., 
2005).  After the establishment of bipolar attachment at metaphase, the centromeric 
cohesin is cleaved by separase to allow sister chromatid segregation (Watanabe, 2005).  
However, this situation differs from what has been found in the budding yeast.  It has 
been shown that phosphorylation of Scc1 by the Polo-like kinase Cdc5 enhances the 
cleavage of cohesin, but does not lead to any separase-independent dissociation of 
cohesin from chromosomes in budding yeast (Alexandru et al., 2001).  
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Since the regional (spatial) segregation behaviour is different in humans, it would be 
tempting to speculate that other proteins may involve in shielding centromeric 
cohesion from the prophase pathway.  With the identification of the role of Shugoshin 
(Japanese for “Guardian Spirit”) in budding yeast and fission yeast in the protection of 
centromeric cohesion in meiosis I (Kitajima et al., 2004; Katis et al., 2004; Marston et 
al., 2004) its counterpart hSgo1in human (also called Shugoshin- like 1 SGOL1) was 
also found to serve the same function during mitosis (Salic et al., 2004; Kitajima et al., 
2005; McGuinness et al., 2005).  Depletion of hSgo1 using RNA interference (RNAi) 
in HeLa cells causes massive chromosome mis- segregation, presumably due to 
premature removal of centromeric cohesin (Kitajima et al., 2005; McGuinness et al., 
2005; Tang et al., 2006).  Recently, using tandem mass spectrometry (LC-MS/MS) and 
co-immunoprecipitation, a serine/ threonine protein phosphotase 2A complex (PP2A) 
has been found to be associated with hSgo1 (Kitajima et al., 2006; Tang et al., 2006). 
Furthermore, it has been proposed that Bub1 recruits PP2A to the centromeric region, 
possibly through hSgo2 (also called SGOL2 and TRIPIN), where it associates with 
hSgo1 (Kitajima et al., 2006).  In addition, SA2 phosphorylation by Plk1 during 
prophase is counteracted by the PP2A-hSgo1 complex, thus preserving the centromeric 
cohesion (Tang et al., 2006).  However, the fact that Plk1 depletion by RNAi rescues 
chromosome mis-segregation in PP2A_Aα-RNAi cells but not in hSgo1-RNAi cells 
suggests that Sgo has additional functions other than shielding cohesin by Polo kinase 
phosphorylation (Rivera and Losada, 2006). 
 
1.8 Chromosome segregation in the meiosis of budding yeast 
The requirements and regulation of chromosome segregation during meiosis are 
different from that in mitosis.  It is interesting to know how the basic chromosome 
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segregation principle is modified with additional controls to suit the requirements of 
meiotic segregation.  In the budding yeast, during meiosis, cells experience two rounds 
of chromosome segregation but only a single round of DNA replication.  During the 
first meiotic division (meiosis I), homologous chromosomes pair to form chiasmata, so 
that one sister chromatid from one homologue is associated with a sister chromatid of 
the other.  In order for the homologues to segregate at the end of meiosis I, sister-
chromatid cohesion (cohesin complex in meiosis contains Rec8 instead of Scc1) is 
removed from the chromosome arms to separate the chiasmata.  The phosphorylation 
of Rec8 by the Polo-like kinase Cdc5 facilitates its cleavage by Separase Esp1. 
Moreover, condensin which shares similar structure with cohesin was found to 
enhance the association of Cdc5 with chromosomes and Cdc5’s phosphorylation on 
cohesin, which in turn probably stimulates the removal of cohesin (Yu and Koshland, 
2005).  However, sister chromatid cohesion is still retained at the centromeres, 
utilizing residual centromeric cohesion to resist the tension generated from bipolar 
attachment until meiosis II, during which sister chromatids segregate as they do in 
mitosis (mentioned in the next section) (Kitajima et al., 2004).  In summary, meiotic 
divisions require sister chromatid cohesion to be released in two steps: first, 
dissolution of cohesion between arms of a homologous pair in meiosis I but 
centromeric cohesion between duplicated sister-chromatids is protected; second, 
centromeric cohesion between sister chromatids is dissolved during meiosis II 
(Watanabe, 2005).  As such, the difference observed in the meiosis of budding yeast 
may imply that some aspects of cohesion at the centromeres may be modulated 
differently from that along chromosomal arms.  Through an elegant genetic screen, 
Sgo1 was first identified to be involved in the protection of centromeric cohesion in 
meiosis I in fission yeast.  Moreover, the function of Sgo1 homologue in budding yeast 
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was found to be highly conserved (Kitajima et al., 2004).  Recently, it has been shown 
in both budding and fission yeast that Sgo1 recruits PP2A to centromeres (Riedel et 
al., 2006).  This is different from what has been found in humans (Kitajima et al., 
2006; Tang et al., 2006).  PP2A appears to prevent the dissolution of centromeric 
cohesin at meiosis I, since inactivation of PP2A causes loss of centromeric cohesin at 
anaphase I and random segregation of sister centromeres at the second meiotic 
division.  This is consistent with the observation that artificial recruitment of PP2A to 
chromosome arm prevents Rec8 phosphorylation and hinders the resolution of 
chiasmata (Riedel et al., 2006). 
 
1.9 Kinetochores and pole-ward forces during mitosis 
It is well known that the proper alignment of chromosomes and precise segregation of 
duplicated chromosomes require bipolar attachment of kinetochores to microtubules 
emanating from opposite spindle pole bodies.  Generation of tension within mitotic 
spindle assembly seems to also be necessary for proper segregation of sister-
chromatids.  Pre-anaphase tension in the spindle structure is created, in part, by the 
pole-ward pull by kinetochore microtubules and opposition to this force by the 
cohesive force that holds the sister chromatids together.  Once the bipolar attachment 
is successfully established, sister kinetochores experience a pole-ward pull, which 
causes a transient separation of centromeric regions of duplicated chromosomes prior 
to the onset of anaphase.  This pre-anaphase separation of centromeric region is termed 
‘elastic deformation’ of chromosomes (Tanaka et al., 2000; He et al., 2000).  The force 
generated due to bipolar attachment is presumably resisted by cohesin complexes, 
because cohesin binding sites have been mapped to pericentric DNA flanking the 
conserved centromeric DNA and along the chromosomal arms (Blat et al., 1999; 
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Megee et al., 1999; Weber et al., 2004).  The elastic behaviour of centromeric DNA 
leading to transient sister separation at centromeres has also been correlated to the 
compaction of centromere proximal DNA, which is inferred to have substantially less 
packing ratio (with reference to B-form DNA) compared with bulk chromatin (He et 
al., 2000).  It is not clear whether cohesin complex alone is sufficient to resist this 
pole-ward pulling at the centromeric region.  Although it may be attractive to attribute 
the centromeric elasticity to the packing ratio of centromeric DNA and the cohesin 
complexes present in this region, contributions from other proteins present in the 
centromeric region (or kinetochores) cannot be discounted.  Sgo1 which is involved in 
the protection of centromeric cohesion in meiosis I have little to do with it in the 
mitotic cell cycle, though its cellular localization is similar in meiosis and mitosis.  In 
mitosis Sgo1 was shown to be a tension sensor, degradation of which at metaphase 
may prevent cell cycle arrest and may result in chromosome loss in anaphase since 
sister chromatids are no longer under tension (Indjeian et al., 2005).  The report is 
consistent with observations in vertebrate cells, which suggest that Sgo is a critical link 
between inter-kinetochore cohesion and kinetochore-microtubule attachment (Salic et 
al., 2004).  This notion is supported by studies in the mouse where Sgo2 has been 
identified as a component of the tension-sensing machinery during meiosis II and 
mitosis in mouse (Gomez et al., 2007).   
Nevertheless, since kinetochores bear the brunt of the pole-ward pull it is possible that 
proteins present in the kinetochore or centromeric region augment the cohesive force 
between sister-chromatids to resist the pole-ward pull by the kinetochore microtubules.  
Kinetochore protein Slk19 (the subject of our investigations in the first part of this 
thesis) is the only protein other than cohesin subunit Scc1 that is cleaved by separase 
Esp1 at metaphase to anaphase transition.  That Slk19 may contribute to the generation 
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of cohesive force at the kinetochores (and therefore cleaved by the separase to perhaps 
dissolve cohesion fully) is not an unlikely possibility.  In the next section we discuss 
Slk19 protein and its possible roles in cell cycle progression. 
  
1.10 Dynamic kinetochore protein Slk19 
1.10.1 The function of Slk19 in mitosis and meiosis 
Slk19, previously called Sms1 (and the subject of this study), was initially identified as 
a protein which is Synthetic Lethal with Kar3 motor protein.  However, Slk19 does not 
contain any features of a motor protein. Although it is not an essential gene, its 
depletion was reported to cause a decrease in overall spindle length and increase in the 
numbers of cytoplasmic microtubules.  It has been suggested that Slk19 might function 
as a spindle microtubule stabilizing protein by associating with the plus ends of 
microtubules at the kinetochore and in the vicinity of the spindle midzone (Zeng et al., 
1999).  Slk19 exhibits a dynamic behaviour in that it initially localizes to the 
kinetochores at the metaphase and is subsequently cleaved by Separase Esp1 [at a site 
(RSIDYGRS) 77 amino acids from the N-terminus] at the onset of anaphase.  The N- 
terminal fragment of Slk19 then translocates from the kinetochore to the spindle mid-
zone (Sullivan et al., 2001), where it is thought to stabilize the spindle (Zeng et al., 
1999).  However, there appears to be no correlation between the cleavage of Slk19 by 
separase and its subsequent translocation to the spindle mid-zone (Sullivan et al., 
2001).  In meiosis, slk19 mutant causes meiotic defect that result in a formation of 
dyads rather than tetrads (Kamieniecki et al., 2000).  Slk19 is also found to localize to 
centromeric region of chromosomes in meiotic prophase and remains there until 
anaphase I.  Since Slk19 deficiency causes a reduction in Rec8 association with 
centromeres after anaphase I, it has been implicated to play a role in preventing 
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premature chromatid segregation in meiosis I (Kamieniecki et al., 2000).  Slk19 has 
also been reported to be a component of FEAR (Cdc Fourteen Early Anaphase 
Release) which is responsible for timely activation of mitotic exit network or MEN 
(Stegmeier et al., 2002).  Both Cdc14 (a phosphatase acting in both FEAR and MEN) 
and Sli15, a phosphoprotein involved in bi-orientation of chromosomes, are both 
required directing Slk19 to the spindle mid-zone (Pereira and Schiebel, 2003).  
Whether the early release of Cdc14 directs Slk19’s re-localization to the spindle or 
Slk19 causes the early release of Cdc14 remains to be elucidated.  Contrary to the early 
implication of Slk19’s role in centromeres during meiosis (Kamieniecki et al., 2000), 
recent reports have suggested that the meiotic defect observed in SLK19 deficient cells 
is not caused by fundamental alteration in meiosis I centromere function but due to 
cells’ inability to disjoin maternal and paternal nucleoli, to release Cdc14 from the 
nucleolus and to down-regulate the Clb1/Cdk1 protein kinase (Buonomo et al., 2003).  
In addition, although Slk19 is a kinetochore protein, it is still not clear what function, if 
any, Slk19 serves at the kinetochores. 
 
In the first part of this thesis we investigate the role of Slk19 at the kinetochore during 
mitotic metaphase.  As described in Chapter 3, our observations suggest an important 
role for Slk19 in reinforcing centromeric cohesion to successfully resist the pole-ward 
pull by kinetochore microtubules and to restrict premature nuclear migration to the 
daughter. The requirement for Slk19 becomes particularly acute when cells stagnate in 
mitosis for extended periods.  Mitotic stagnation is particularly relevant in the context 
of checkpoint controls.  In the event of DNA damage or spindle-kinetochore 
attachment problems, cells arrest in pre-anaphase state for long periods.  How do cells 
impose these interruptions in cell cycle progression?  In Chapter 4, we extend our 
CHAPTER 1: Introduction 
 32 
investigations to understand in depth how DNA damage checkpoint prevents sister-
chromatid separation and progression to anaphase.  To put this study in context we 
describe in the following sections the general nature of checkpoint controls in budding 
yeast.  
 
1.11 Checkpoints and mitotic stagnation 
As noted earlier, accurate transmission of chromosomes to the progeny cells is one of 
the central tasks during mitotic divisions.  This precision requires efficient 
coordination of cellular events leading to the segregation of sister-chromatids.  
Intrinsic perturbations (such as stochastic errors or structures arising during DNA 
replication) or exposure to genotoxic stresses can severely compromise cellular 
coordination, which may result in genomic instability.  Cells enact surveillance 
systems known as checkpoint controls to deal with such emergencies in that the cell 
cycle progression is transiently suspended to allow time for repairs before the cycle 
can be resumed.  Thus far, three major checkpoints have been described and studied 
extensively: DNA replication checkpoint, DNA damage checkpoint and spindle 
assembly checkpoint.  Below, we briefly examine these control systems. 
 
1.11.1 Spindle assembly checkpoint and spindle position checkpoint 
Spindle assembly checkpoint (SAC) is activated in response to cells’ failure to 
establish proper microtubule attachment to the kinetochores.  Since lack of bi-
orientation leads to absence of tension in the spindle structure, it is thought that 
absence of tension is the primary trigger for SAC.  However, there is some debate 
about whether it is the lack of tension or the unoccupied state of kinetochore that 
activates SAC (Pinsky and Biggins, 2005; Kotwaliwale and Biggins, 2006).  SAC 
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components include Mad1 (S. pombe Mad1, mammalian Mad1), Mad2 (S. pombe 
Mad2, mammalian Mad2), Mad3 (S. pombe Mad3, mammalian BubR1), Bub1 (S. 
pombe Bub1, mammalian Bub1), Bud3 (S. pombe Bub3, mammalian Bub3), and Mps1 
(S. pombe Mph1, mammalian Mps1).  SAC delays cell cycle progression by Mad2-
mediated inhibition of the interaction between APC and its activator Cdc20 (Nasmyth, 
2005).  Mad2 accomplishes this by presumably directly binding to Cdc20.  This 
prevents ubiquitylation of securin Pds1 so that separase Esp1 continues to be inhibited 
and is therefore unable to dissolve sister-chromatid cohesion (Chan et al., 2005).  
Bub1, Mad3 (BubR1) and Mps1 kinases and phosphoprotein Mad1 are all necessary 
for the activation of SAC (Farr and Hoyt, 1998; Hardwick, et al., 2000; Palframan et 
al., 2006).  Mps1 is also required for hyper-phosphorylation of Mad1 upon SAC 
activation (Hardwick et al., 1996).   In yeast, Bub1-Bub3, Mad3-Bub3 and Mad1-
Mad2 complexes are present throughout the cell cycle and are thought to be recruited 
to kinetochores upon activation of SAC.  Mad2 also associates with kinetochores and 
cycles on and off rapidly which involves in some of these complexes.  How cycling on 
and off of kinetochores potentates Mad2’s inhibition of Cdc20 is not entirely clear but 
this cycling is thought to be necessary for its inhibition. 
 
Besides SAC, there is another checkpoint control associated with the mitotic spindle 
termed spindle position checkpoint (or spindle orientation checkpoint).  This 
regulatory network monitors successful penetration of one of the spindle poles 
(presumably the older one) into the bud which is achieved through interactions of 
astral microtubules with polarized actin cables and cortical proteins (Lew and Burke, 
2003). The activation of such checkpoints delays mitotic exit, causing mitotic 
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stagnation, until continuing spindle movements eventually deliver one pole of the 
spindle with its associated chromosome into the bud (Lew and Burke, 2003). 
. 
1.11.2 DNA replication and DNA damage checkpoint 
DNA replication checkpoint and DNA damage checkpoint are surveillance pathways 
which monitor genome integrity during S phase and cause a delay in early S or G2 
phase, respectively.  DNA replication checkpoint is activated in response to 
interruptions in DNA replication (or stalled replication forks) and prevents premature 
onset of chromosome segregation until replication is restored.  DNA damage 
checkpoint, on the other hand, responds to physical damage to DNA and inhibits onset 
of anaphase.  These control pathways are considered to be signal transduction 
cascades, which require sensors to monitor and detect DNA damage or replication 
error, mediators or transducers to amplify such damage signal, and downstream 
effectors to regulate numerous cellular processes which include halting of cell cycle 
progression, transcriptional activation of DNA repair genes, stabilizing the replisome 
and stalled forks, inhibition of late firing origins and unscheduled firing of dormant 
origins, and restraining the activity of recombination enzymes at stalled forks so as to 
maintain replication fork integrity (Branzei and Foiani, 2006).  These two checkpoints 
are well conserved from yeast to human.  Mec1 kinase, a phosphoinoditide 3-kinase-
related kinase (PIKKs), (S. pombe Rad3 and Tel1, Drosophila melanogaster Mei-41, 
and mammalian ATM and ATR respectively) is the most upstream effector in both 
pathways (Pellicioli and Foiani, 2005).  
In replication checkpoint pathway, Rad53 kinase (similar to human Chk2) is the 
immediate downstream target of Mec1.  In response to stalled replication forks (caused 
by, for example, treatment with hydroxyurea), Rad53 is phosphorylated in a Mec1 
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dependent manner and requires an adaptor protein Mrc1 (Pellicioli and Foiani, 2005).  
It is not clear how activated Rad53 prevents premature segregation of unreplicated 
chromosomes.  However, recent evidence suggests that replication checkpoint may 
inhibit premature chromosome segregation, not by preventing untimely entry into 
mitosis as is generally thought, but by regulating spindle dynamics and by promoting 
bi-orientation of partially replicated centromeric regions (Krishnan et al., 2004; 
Krishnan and Surana, 2005) 
In DNA damage checkpoint pathway, the effectors immediately downstream of Mec1 
are Chk1 and Rad53 kinases.  In response to DNA damage, Mec1 phosphorylates both 
Chk1 and Rad53.  Phosphorylation of Rad53 requires its interaction, via FHA 
(Forkhead- associated) domains, with a mediator/adaptor protein Rad9 (Pellicioli and 
Foiani, 2005).  At least three models have been proposed for the activation of Rad53, 
namely, solid-state catalyst model, adaptor-based model and adaptor-catalyst model 
(Pellicioli and Foiani, 2005).  Activated Chk1 and Rad53 then elicits transcriptional 
activation of repair genes, inhibition of anaphase onset thus preventing mitotic exit and 
other checkpoint related responses by targeting a variety of down stream effectors.  
 
1.11.3 Targets of DNA damage checkpoint 
According to the current model, activated Chk1 phosphorylates securin Pds1 rendering 
it resistant to ubiquitylation by APCCdc20 and thus preventing its proteolytic 
degradation (Tinker-Kulburg and Morgan 1999).  Stabilized Pds1 then continues to 
inhibit separase Esp1, preventing it from dissolving sister-chromatid cohesion.  In 
addition to Chk1’s role in stabilizing Pds1, it has also been shown that the activation of 
Rad53 can prevent physical interaction between APCCdc20 and Pds1 (although 
APCCdc20 is in an activated state during DNA damage checkpoint activation), thus 
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inhibiting ubiquitylation of Pds1 (Agarwal et al., 2003).  Activation of DNA damage 
checkpoint also results in the inactivation of Cdc28 via phosphorylation of 
evolutionarily conserved Tyr19 (Amon et al., 1992).  While the involvement of 
tyrosine kinase Swe1 is obvious, the mechanism accomplished by checkpoint pathway 
in budding yeast is not clear.  Inactivation of Cdc2/Cdc28 is thought to be the central 
event by which DNA damage checkpoint prevents onset of mitosis in fission yeast and 
mammalian cells (Rhind et al., 1997; Lukas et al., 1999; Sorensen et al., 2001).  
However, in budding yeast inactivation of Cdc28 is not a rate limiting step since 
expression of constitutively active Cdc28 allele (Cdc28Y19F) does not abolish the 
G2/M arrest imposed by the checkpoint (Amon et al., 1992).  
Activated Rad53 kinase is known to phosphorylate Polo-like kinase Cdc5 (Cheng et 
al., 1998).  Since Cdc5 is a critical component of both FEAR and MEN which regulate 
cyclin destruction, it is thought that inactivation of Cdc5 by Rad53 serves to prevent 
mitotic exit (Sanchez et al., 1999).  In addition, Cdc5 is known to phosphorylate and 
inhibit Bfa1, a component of GTPase-activating protein complex Bfa1/ Bub2 involved 
in the inhibition of MEN.  Thus inactivation of Cdc5 by Rad53 prevents the onset of 
mitotic exit by yet another pathway (Hu et al., 2001).  In human cells, polo-like kinase 
1 (Plk1) is a direct target of DNA damage checkpoint.  Moreover, Plk1 has been 
shown to be catalytically inactivated in response to DNA damage since expression of 
constitutively active Plk1 can overcome DNA damage-induced arrest (van Vugt and 
Medema, 2005).  In the case of the budding yeast, DNA damage checkpoint activates 
two regulatory branches, Mec1-Chk1 and Mec1-Rad53 to impose cell cycle arrest; the 
former prevents chromosome segregation and the latter inhibits mitotic exit.  Recently, 
a Cyclic-AMP-dependent-kinase (PKA) pathway has also been implicated as an 
additional regulatory branch that prevents activation of Cdc20 (Searle et al., 2004). 
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1.12 Rationale for revisiting DNA-damage checkpoint 
In the context of S phase checkpoints, Clarke et al. (2001) have proposed two 
regulatory branches for the coordination of DNA replication and mitosis.  While 
Mec1-Rad53 pathway prevents spindle elongation independently of Esp1 in the early S 
phase, Mec1-Pds1 pathway maintains the level of Pds1, thus inhibiting Esp1 resulting 
in the inhibition of both sister chromatid segregation and spindle elongation.  
However, this remained as a conjecture.  Recently, it has been shown that replication 
checkpoint prevents premature chromosome segregation by suppressing spindle 
elongation through the regulation of microtubule associated proteins Cin8 and Stu2, 
and not by inhibiting entry into mitosis (Krishnan et al., 2004).  These findings have 
underscored, for the first time, the mitotic spindle as a novel target of replication 
checkpoint (Krishnan and Surana, 2005).  Since Mec1 and Rad53 kinases are effectors 
common to both DNA replication checkpoint and DNA damage checkpoint, this raises 
a pertinent question: is the mitotic spindle also a target of DNA damage checkpoint?  
In other words, does DNA damage checkpoint regulate mitotic spindle to prevent 
chromosome segregation in addition to inhibiting dissolution of sister chromatid 
cohesion by stabilizing Pds1?  If this is true, then what is the mechanism by which the 
checkpoint exercises its control over spindle elongation?  These are the questions we 
have attempted to answer in Chapter 4. 
 
In essence, this thesis takes a two-pronged approach to understand how cells maintain 
integrity of their chromosomes during mitotic stagnation.  In one approach, it probes 
the role of non-essential kinetochore protein Slk19 in augmenting centromeric 
cohesion and preventing premature nuclear migration into the daughter compartment.  
In the other, it explores and uncovers the mechanism by which DNA damage 
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checkpoint prevents spindle elongation to inhibit onset of anaphase even in the absence 
of sister-chromatid cohesion. 
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Charter 2 Materials and methods 
 
2.1 Materials (Table 1 for antibodies, Table 2 for strains, Table 3 for 
oligonucleotides) 
Table 1. List of antibodies used for immunofluorescence and protein 
analysis in this study. 
Antibodies Sources 
Rabbit polyclonal anti-cmyc Santa Cruz Biotechnology, Inc. 
Rabbit polyclonal anti-HA Santa Cruz Biotechnology, Inc. 
Mouse monoclonal anti-cmyc Santa Cruz Biotechnology, Inc. 
Mouse monoclonal anti-HA Roche Diagnostics 
Rabit polyclonal anti-G6PDH Sigma-aldrich 
Rat monoclonal anti-tubulin YOL1/34 Serotec 
Rabbit polyclonal anti-Tub4 John Kilmartin’s laboratory 
Rabbit polyclonal anti-Clb2 Kim Nasmyth’s laboratory 
Rabbit polyclonal anti-Cdc28 Kim Nasmyth’s laboratory 
Mouse monoclonal anti-RPA190 David Balasundaram’s laboratory 
 




US21 MAT a, ade2-1, trp1-1, leu2-3, his3-11, ura3, GAL US lab 
US80 MAT α, ade2-1, trp1-1, leu2-3, his3-11, ura3, GAL US lab 
US1363 MAT a bar1 (unmarked) his3 leu2 trp1 ura3 US lab 
US3135 MAT a cdc13-1, mec1, leu2, trp1, his3, ura3 US lab 
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US3259 MAT a CDC5-HA3::URA3, leu2, trp1, his3 This study 
US3335 MAT a ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 
GAL psi+ SCC1-cmyc18::TRP1 
S. Piatti lab 
US3398 MAT a cdc20Δ:LEU2 GAL-CDC20::TRP1 his3 ura3 This study 
US3399 MAT a cdc20Δ:LEU2 GAL-CDC20::TRP1 slk19Δ: 
URA3 his3 
This study 
US3437 MAT a ρ0  ura3 trp1 tetR-GFP::LEU2 tetO-
CEN5::HIS3 
This study 
US3444 MAT a cdc20Δ:LEU2 GAL-CDC20::TRP1 tetR-
GFP::LEU2 tetO-CEN5::HIS3 ura3 
This study 
US3448 MAT a cdc20Δ:LEU2 GAL-CDC20::TRP1 
slk19Δ:URA3 tetR-GFP::LEU2  tetO-CEN5::HIS3  
This study 
US3449 MAT a  slk19Δ:LEU2  trp1 his3 ura3 This study 
US3502 MAT a ρ0  slk19Δ: URA3 trp1 tetR-GFP::LEU2  
tetO-CEN5::HIS3 
This study 
US3516 MAT a slk19Δ: URA3 SCC1-cmyc18::TRP1 his3 leu2 This study 
US3556 MAT a GAL-PDS1::TRP1, tetO-CEN5::HIS3, tetR-
GFP::LEU2, ura3 
This study 
US3568 MAT a cdc20Δ:LEU2 GAL-CDC20::URA3 SCC1-
cmyc18::TRP1 his3 
This study 
US3579 MAT a cdc20Δ:LEU2 GAL-CDC20::URA3 
slk19Δ:HIS3 SCC1-cmyc18::TRP1 
This study 
US3779 MAT a SLK19-HA6::HIS3 SCC1-cmyc18::TRP1 leu2 
ura3 
This study 
US3786 MAT a SPC42-GFP::TRP1 ura3 his3 leu2 This study 
US3815 MAT a cdc28-1N, pGAL-KIP1-myc/TRP/CEN, leu2, 
ura3, his3 
This study 
US3824 MAT a ura3 trp1 his3 leu2 This study 
US3910 MAT a cdc20Δ:LEU2 GAL-CDC20::URA3 SCC1- This study 
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cmyc18::TRP1 SLK19-HA6::HIS3 
US3947 MAT a cdc28-1N, pGAL-CIN8-myc/TRP/CEN, leu2, 
ura3, his3 
This study 
US3972 MAT a SCC1-cmyc12::URA3 his3 leu2 pslk19(Δ1-
77)-HA3/TRP1/CEN 
This study 
US3986 MAT a  cdc20Δ:LEU2 slk19Δ::URA3 GAL-
CDC20::TRP1 tetR-GFP::LEU2  tetO-CEN5::HIS3  
pSLK19/KANMX/CEN 
This study 
US4020 MAT a  bar1(unmarked) SCC1-HA6::HIS3 ura3 leu2 
pslk19-(Δ419-498)-cmyc12/TRP1/CEN  
This study 
US4021 MAT a  bar1(unmarked) SCC1-HA6::HIS3 ura3 leu2 
pslk19-(Δ511-538)-cmyc12/TRP1/CEN 
This study 
US4022 MAT a  bar1(unmarked) SCC1-HA6::HIS3 ura3 leu2 
pslk19-(Δ327-400)-cmyc12/TRP1/CEN 
This study 
US4023 MAT a  bar1(unmarked) SCC1-HA6::HIS3 ura3 leu2 
pslk19-(Δ543-577)-cmyc12/TRP1/CEN 
This study 
US4024 MAT a cdc20Δ:LEU2 slk19Δ:URA3 GAL-
CDC20::TRP1 tetR-GFP::LEU2  tetO-CEN5::HIS3  
pslk19-R77E/KANMX/CEN 
This study 
US4025 MAT a  cdc20Δ:LEU2 slk19Δ:URA3 GAL-
CDC20::TRP1 tetR-GFP::LEU2  tetO-CEN5::HIS3  
pslk19-(Δ1-77) /KANMX/CEN 
This study 
US4067 MAT a cdc20Δ:LEU2 GAL-CDC20::TRP1 
slk19Δ:URA3 tetR-GFP::LEU2  tetO-CEN5::HIS3 
pslk19-(Δ419-498)-cmyc12/KANMX/CEN 
This study 
US4070 MAT a cdc20Δ:LEU2 GAL-CDC20::TRP1 This study 
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slk19Δ:URA3 tetR-GFP::LEU2  tetO-CEN5::HIS3 
pslk19-(Δ511-538)-cmyc12/KANMX/CEN 
US4071 MAT a  cdc20Δ:LEU2 GAL-CDC20::TRP1 
slk19Δ:URA3 tetR-GFP::LEU2  tetO-CEN5::HIS3 
pslk19-(Δ327-400)-cmyc12/KANMX/CEN 
This study 
US4077 MAT a scc1-73 SLK19-GFP::URA3 leu2 his3 TRP1   This study 
US4164 MAT a slk19Δ:URA3 SPC42-GFP::TRP1 his3 leu2 This study 
US4194 MAT a ρ0 cdc20Δ:LEU2 GAL-CDC20::TRP1 SLK19-
GFP::URA3 NDC10-ECFP::KANMX his3 
This study 
US4235 MAT a ρ0 cdc20Δ:LEU2 GAL-CDC20::TRP1 HTA2-
EGFP::KANMX his3 ura3 
This study 
US4260 MAT a  ρ0 cdc20Δ:LEU2 GAL-CDC20::TRP1 
slk19Δ:URA3 HTA2-EGFP::KANMX his3 
This study 
US4305 MAT a SLK19-HA6::HIS3 ura3 leu2 trp1   
This study 
US4530 MAT a scc1-73 SLK19-HA6::HIS3 ura3 leu2 TRP1   
This study 
US4532 MAT a SCC1-HA6::HIS3 ura3 leu2 trp1  pSLK19-
cmyc12/KANMX/CEN 
This study 
US4678 MAT a  cdc13-1, KIP-HA-HIS3, leu2, ura, trp1 This study 
US4687 MAT a cdc13-1, CIN8-HA-HIS3, leu2, ura3, trp1 This study 








US4824 MAT a  GAL-PDS1::TRP1, KIP1-HA-HIS3, leu2, 
ura3 
This study 
US4837 MAT a  GAL-PDS1::TRP1, CIN8-HA-HIS3, leu2, 
ura3 
This study 
CHAPTER 2: Materials and methods 
 43 
US4873 MAT a GAL-PDS1::TRP1,  scc1-73, tetO-
CEN5::HIS3, tetR-GFP::LEU2, ura3 
This study 
US4875 MAT a cdc13-1,  scc1-73, tetO-CEN5::HIS3, tetR-
GFP::LEU2, ura3 
This study 
US4877 MAT a DELho DELhml::ADE1 DELhmr::ADE1 ade 
















US5134 MAT a, cdc23-1 scc1 Δ:HIS3, SCC1TEV268-
HA3::LEU2, GAL-NLS-myc9-TEVprotease-
NLS2::TRP1, SPC29-CFP-KAN, ura3 
This study 
US5139 MAT a cdc13-1, pGAL-KIP1-myc/TRP/CEN, leu2, 
ura3, his3 
This study 
US5140 MAT a cdc13-1, pGAL-CIN8-myc/TRP/CEN, leu2, 
ura3, his3 
This study 
US5145 MAT a, cdc13-1 scc1 Δ:HIS3, SCC1TEV268-
HA3::LEU2, GAL-NLS-myc9-TEVprotease-
NLS2::TRP1, SPC29-CFP-KAN, ura3 
This study 
US5175 MAT a  cdc13-1, HA3-CDH1-TRP1, leu2, trp1, his3, 
ura3 
This study 
US5205 MAT a  GAL-PDS1::TRP1, HA3-CDH1-TRP1, leu2, 
his3, ura3 
This study 
US5260 MAT a  cdc13-1, CDC5-HA3::URA3, leu2, trp1, his3 This study 
US5261 MAT a  cdc13-1, rad53-21, CDC5-HA3::URA3, leu2, 
trp1, his3 
This study 
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US5262 MAT a  GAL-PDS1::TRP1, CDC5-HA3::URA3, leu2, 
his3 
This study 
US5264 MAT a scc1-73, DELho DELhml::ADE1 
DELhmr::ADE1 ade leu2-3,112, lys5, trp1::hisG, 
ura3-52 ade3::GAL10-HO, TRP1 
This study 
US5293 MAT a  cdc13-1 cdc14-3 HA3-CDH1-TRP1, leu2, 
his3, ura3 
This study 
US5296 MAT a  cdc13-1 mec1 GALL-CDH1-S125A 
S258A::TRP1, leu2, his3, ura3 
This study 
US5303 MAT a  cdc13-1 cdc14-3 HA3-CDH1-TRP1,GAL-
cmyc3-CDC5::URA3,  leu2, his3 
This study 
US5328 MAT a  cdc13-1 mec1 GALL-HA3-CDH1::TRP1, 
leu2, his3, ura3 
This study 
 






used with OUS 1021, to 
amplify 775bp SLK19 5' UTR 
for slk19 disruption. 
1021 5'TAGGAACTTCGTGGATCCATTAC
GATA 3' 
used with OUS 1020, to 
amplify 775bp SLK19 5' UTR 




used with OUS 1023, to 
amplify 600bp SLK19 3' UTR 




used with OUS 1022, to 
amplify 600bp SLK19 3' UTR 




Forward oligo for tagging 
Scc1 with HA6. 50bp before 
STOP codon without STOP.  







Reverse oligo for tagging 
Scc1 with HA6 50bp after 
STOP codon without STOP.  
1148 5'CATTGGCAAATCTAGATCCTTTC
AGATTGAG 3' 
Forward oligo for confirming 
hct1 disruption. This sequence 




Reverse oligo for confirming 
hct1 disruption. This sequence 
is 448bp after stop codon. 
1179  5' GGG TCT TCA GGA CGA GAT 
TTC AAG ATG GTA CCT CCG TAG 
TTA GTA TAA TGT TCA TCT CCG 
GTT CTG CTG CTA GT 3' 
Forward oligo for PCR- based 
method tagging SMC2 with 
HA6.  
1180 5' TTG AAA TAT GAT TAC ATT ACA 
ATA TTT ATT TGT CTT ATG AAA 
ACT AAC CAC GTC GAC CTC GAG 
GCC AGA AGA CTA AGA GG 3' 
Reverse oligo for PCR- based 






Forward oligo for PCR- based 






Reverse oligo for PCR- based 





Forward oligo for detecting 
slk19 disrupted by URA3. 




Reverse oligo for detecting 
slk19 disrupted by URA3. 
This oligo is in URA3 gene. 
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1337 5' AAG AAA ACT CGT CGA AGA 
TCA TAA CTT TGG ACT TGA GCA 
ATT ACG CAG AAT TCA TCT CCG 
GTT CTG CTG CTA GT 3' 
Forward oligo for PCR- based 
method tagging SMC1 with 
HA6. 
1338 5' TAG ATA TTA TTA GTT ATT TGA 
CGG GTA ATA GCA GAG GTT GGT 
TTC ATA GAC GTC GAC CTC GAG 
GCC AGA AGA CTA AGA GG 3' 
Reverse oligo for PCR- based 
method tagging SMC1 with 
HA6. 
1339 5' GAG AAG AAG CAA TCG GAT 
TCA TTA GAG GTA GCA ATA AAT 
TCG CTG AAG TCT TCA TCT CCG 
GTT CTG CTG CTA GT 3' 
Forward oligo for PCR- based 
method tagging SMC3 with 
HA6. 
1340 5' TTA TGT AAG CAA AAC TGA 
TAT TTT TAT ATA CAA ATC GTT 
TCA AAT ATC TCC GTC GAC CTC 
GAG GCC AGA AGA CTA AGA GG 3' 
Reverse oligo for PCR- based 
method tagging SMC3 with 
HA6. 
1341 5' ACC CAA CCG TGG TAG ATG 
CTA  TAG ACA ACA GCG ACG AAA 
TCA CAC AAG ATT TCA TCT CCG 
GTT CTG CTG CTA GT 3' 
Forward oligo for PCR- based 
method tagging SCC3 with 
HA6. 
1342 5' GAT CTT ATT GTT TTA CAA AAG 
AGC AAT AAG TCT GAC GTA TAT 
CTT TTC CCC GTC GAC CTC GAG 
GCC AGA  AGA CTA AGA GG 3'  
Reverse oligo for PCR- based 
method tagging SCC3 with 
HA6. 
1348 5' TCA TAA CTT TGG ACT TGA GCA 
ATT AC 3' 
Forward oligo to confirm 
SMC1-HA6 construct. 
1349 5' CGT CGA CCT CGA GGC CAG 
AAG ACT AAG AGG 3'  
Reverse oligo to confirm 
SMC1-HA6 construct. 
1350 5' GAT TCA TTA GAG GTA GCA 
ATA AAT 3' 
Forward oligo to confirm 
SMC3-HA6 construct, used 
with OUS 1349 
1352 5' ATA GAC AAC AGC GAC GAA 
ATC ACA CAAG 3' 
Forward oligo to confirm 
SCC3-HA6 construct, used 
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with OUS 1349 
1355 5' ACC TGC ACT ATT TGA AAG GTT 
TAT CA 3' 
Forward oligo to confirm 
SCC1-HA6 construct, used 
with OUS 1349 
1479 5'-ATCAGCGCCAAACAATATGG-3'  
 
CEN3. Refer to Saunders' 
1999 JCB paper for chromatin 
IP. 
1480 5'-GAGCAAAACTTCCACCAGT A-3'; 
 
CEN3. Refer to Saunders' 
1999 JCB paper for chromatin 
IP. 
1481 5'-TTGAAGCCGTTATGTTGTCG-3' CEN16. Refer to Saunders' 
1999 JCB paper for chromatin 
IP. 
1482 5'-TACCATGGTGTGTCAC TTCC-3'; CEN16. Refer to Saunders' 




ARS2. Refer to Saunders' 
1999 JCB paper for chromatin 
IP. 
1484 5'-CGTGAGTACTAAT AAACGGA-3'; ARS2. Refer to Saunders' 
1999 JCB paper for chromatin 
IP. 
1485 5'-AGATCCCAACTACTTGGACG-3' MET2. Refer to Saunders' 




MET2. Refer to Saunders' 
1999 JCB paper for chromatin 
IP. 
1506 5' CCA AAG AAG TCT GCC AAG 
ACT GCC AAA GCT TCT CAA GAA 
CTG GG TGA CGG TGC TGG TTT A 
3' 
Forward oligo for one step 
tagging HTA2 with GFP at C 
terminal. 
1507 5' ACA AGA ATG TTT GAT TTG CTT Reverse oligo for one step 
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TGT TTC TTT TCA ACT CAG TTC 
TCG ATG AAT TCG AGC TCG 3' 
tagging HTA2 with GFP at C 
terminal. 
1508 5' AAT AAT ATG TCA GAA ACA 
TTC GCA ACT CCC ACT CCC AAT 
AAT CGA GG TGA CGG TGC TGG 
TTT A 3' 
Forward oligo for one step 
tagging SPC42 with GFP at C 
terminal. 
1509 5' AAC GCT TTA AGA ATG CGC 
CAT ACT CCT TAA CTG CTT TTT 
AAA TCA  TCG ATG AAT TCG AGC 
TCG 3' 
Reverse oligo for one step 
tagging SPC42 with GFP at C 
terminal. 
1520 5' AAA GAG AAG AAA AGC AGG 
AGT TAC TCA AGT T 3' 
 
Forward oligo for confirming 
one step method SLK19- HA 
integration. The sequence is 
20bp before stop codon. 
1521 5' TCT CAT GAC ATA TTA AGG 
GAA AAG ATA AAA TGC 3' 
 
Reverse oligo for confirming 
one step method SLK19- HA 
integration. The sequence is 
20bp after stop codon. 
1643 5' AAA GCA GGA GTT ACT CAA 
GTT GTT AGA AAA TGA AAA AAA 
AGG TGA CGG TGC TGG TTT A 3' 
forward oligo for making 
Slk19-Venus construct by one 
step 
1644 5' TAT TAA GGG AAA AGA TAA 
AAT GCA AAA GAA AAA AAT GCG 
TTC GAT GAA TTC GAG CTC 3' 
Reverse oligo for making 




Forward oligo of Cin8 for real 
time PCR. 
1897 5’ CGCGCTGGTTGCAGTTG 3’ Reverse oligo of Cin8 for real 
time PCR 
1898 5’GCGGAGAATAAAAGGGCTCAA 3' Forward oligo of Kip1 for real 
time PCR. 
1899 5’GGCCTAGTGTTAGCAGCGATTT3’ Reverse oligo of Kip1 for real 
time PCR. 
1900 5’TGAGAGCTTACACACATGAAATT Forward oligo of Cdc28 for 
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GTT3’ real time PCR 
1901 5’CCTGTACTATATTGTTTTCCACCC
AGTA3’. 
Reverse oligo of Cdc28 for 




2.2.1 Escherichia coli strains and culture conditions 
For cloning purposes and normal plasmid DNA amplification, Escherichia coli strain 
DH5α or XL1 blue (Stratagene) was used as the bacterial hosts.  The E.coli was 
cultured either in 2 X TY medium (1.6% bacto- tryptone, 1% bacto- yeast extract, 
0.5% NaCl) with 100 μg/ml Ampicillin (Sigma) or on 2X TY with Ampicillin plates.  
For plasmids containing repetitive sequences, for example plasmids harbouring multi- 
copies of Tetracycline operators and Tetracycline repressors, Escherichia coli strain 
Sure-2 competent cells (Stratagene) were used as the bacterial hosts to prevent the 
occurring recombination.  
For the expression of recombinant proteins, BL21 codon plus competent cells were 
used as the bacterial host.  
 
2.2.2Yeast strains and culture conditions 
All the yeast strains (see Table 2) used in this study was haploids and most of them 
were homogeneous with the W303 genetic background strains.  Strains from other 
genetic backgrounds were backcrossed at least three times with W303 background 
wild type strains.  
Yeast cells were grown in YEP medium (1.1% yeast extract, 2.2% peptone, and 
50mg/L adenine) supplemented with either 2% D-Glucose or 2% galactose and 2% 
raffinose as carbon sources.  For sporulation, diploid strains were patched onto 
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sporulation plates containing 0.22% yeast extract, 2% potassium acetate and 2% 
glucose or 2% galactose and 2% raffinose.  
Wild type cells were grown at 24 oC with good aeration and constant shaking at 200 
rpm.  Temperature sensitive mutants were usually cultured at the permissive 
temperature of 24 oC and their terminal phenotypes were analyzed at the restrictive 
temperature of 32 oC or 37 oC.   
 
2.2.3 Cell cycle synchronization 
2.2.3.1 G1 phase synchronization 
For experiments requiring synchronous cultures in G1 phase, cell cultures were grown 
in liquid medium at 24oC to exponential phase, diluted to OD600 of 0.4 with medium 
containing either 1 μg/ml α factor (for bar1Δ cells) or 5 μg/ml α factor (for BAR1 
cells).  After 3 to 3.5 hours in α factor, cells were filtered, washed and re- suspended in 
fresh medium pre-incubated at the appropriate temperature to release the cells into the 
cell cycle. 
For strains with essential genes deleted and kept alive by their own genes driven by 
GAL promoters, G1 phase synchronization usually comprised of 2.5 hours of α factor 
treatment in YEP supplemented with 2% raff and 2% galactose, followed by 1 hours of 
α factor treatment in YEP supplemented with 2% glucose.  
 
2.2.3.2 Stationary phase synchronization 
For synchronization in stationary phase, cells were plated onto appropriate plates 
containing YEP-agar with either Glucose or raffinose, grown for 3-4 days at 24oC until 
more than 90% of the cells were unbudded.  The cells were diluted to OD600 of 0.4 with 
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fresh medium containing appropriate carbon source pre- incubated at the required 
temperature for experiments. 
 
2.2.3.3 G2-M phase synchronization 
To synchronize cells in G2-M phase, 1.5mg/ml stock solution of microtubule 
depolymerising drug Nocodazole in DMSO were added into diluted cultures to a final 
concentration of 15μg/ml.  After 3-3.5 hours of treatment, more than 95% of the cells 
were found to be arrested as characterized by a large dumbbell shaped buds, with 
undivided nuclei, 2N DNA content and no spindle.  Alternatively, cdc20Δ was 
introduced into strains which were kept alive by GAL-CDC20 plasmid.  Exponential 
phase cells growing in YEP with a combination of Raffinose and Galactose medium 
were diluted to OD600 of 0.4 with YEP medium with glucose to completely deplete 
Cdc20.  After 3-3.5 hours, 95% of the cells had arrested in dumbbell shapes with 
undivided nuclei, 2N DNA content and no spindle. 
 
2.2.3.4 Early S phase synchronization 
In order to synchronize cells in early S phase, hydroxyurea (Sigma) was added to the 
diluted cells (an OD600 of 0.4) to a final concentration of 30mg/ml.  After 3-3.5 hour 
treatment, 95% of the cells had arrested with dumbbell shaped buds and with  
undivided nuclei, 2N DNA content and short spindles. 
When cells were synchronized, they were washed three times with YEP medium to 
remove the drugs and then released either into appropriate medium to start the 
experiment or into non- permissive temperature to observe the terminal phenotypes. 
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2.2.4 Yeast Manipulations 
2.2.4.1 Yeast transformation 
50ml overnight cultures of yeast cells in appropriate medium were harvested by 
centrifugation at 3,500 rpm for 2 minutes, washed once with Li-TE buffer (0.1M 
lithium acetate, 10mM Tris-HCl pH 7.5, 1M EDTA) and re- suspended with 5ml of the 
same buffer.  These re- suspended cells were rotated in a roller at room temperature for 
45 minutes, and then put on ice for 15 minutes before adding DNA.  For each 
transformation, 10μl of 1mg/ml salmon sperm carrier DNA (Sigma) and plasmid DNA 
or purified PCR products were mixed, and followed by 100μl of cell suspension and 
200μl of 62.5% of PEG 6000.  The mixture was incubated in a roller at room 
temperature for 45 minutes. After 20 minutes of heat shock at 42 oC, the cells were 
harvested by centrifugation at low seep of 3,500rpm, re- suspended in 80μl of distilled 
water and spread onto appropriate selective plates for incubation at desired temperature 
for 3- 4 days. 
 
2.2.4.2 Yeast chromosomal DNA extraction 
5ml overnight cultures of yeast cells in appropriate medium were harvested by 
centrifugation at 3,500 rpm for 2 minutes, and washed once with distilled water.  The 
cell pellet was re-suspended in 0.2ml of SCE/lyticase/β-mercaptoethanol 
spheroplasting mix [1ml of this mix included 0.8ml of SCE (1M Sorbitol, 0.1 M Na- 
citrate, 0.06 M EDTA, pH 7.0), 0.2ml of 10mg/ml lyticase and 8μl of β-
mercaptoethanol].  These cells were digested with occasional shaking at 37 oC for 1 
hour.  After checking that the cell walls have been digested by means of the 
microscope, 0.2ml of SDS solution [2% SDS, 0.1 M Tris-HCl (pH 9.0), 0.05 M 
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EDTA] was added. The tubes were inverted gently and the suspension heated at 65 oC 
for 5 minutes.  0.2 ml of 5 M KOAc was added to the tubes. They were inverted gently 
to mix the contents, and placed on ice for 20 minutes.  This mixture was spun down at 
maximum speed for 5 minutes. 500 μl of the supernatant was transferred to a fresh 
Eppendoff tube.  Subsequently, 0.2ml of 5 M NH4OAc and 1 ml of isopropanol was 
added; the tubes were gently inverted and the contents briefly centrifuged at low speed 
for 30 seconds. The supernatant was removed by aspiration.  The pellet was dissolved 
with 90 μl of TE (Ph 8.0) before addition of 10 μl of 5 M NH4OAc and 0.2 ml of 
isopropanol. The tubes were inverted gently and centrifuged at low speed for 30 
seconds. The DNA pellets were washed once with 70% ethanol, and dried before being 
dissolved in 50 μl of TE.  To confirm proper integration by PCR methods, 1 μl of this 
chromosomal DNA was diluted with 5 μl with distilled water. For Southern blots, 5 μl 
of this chromosomal DNA was used for restriction enzyme digestion. 
 
2.2.4.3 PCR-based strategy for fluorescent protein and epitope 
tagging of yeast genes 
Long template PCR system (Roche) was used to amplify the cassettes for fluorescent 
protein and epitope tagging following the manufacturer’s instructions.  These 
amplified cassettes are 5’-(gene-specific sequence)-GGTGACGGTGCTGGTTTA-3’ 
F5 and 5’-(gene-specific sequence)-TCGATGAATTCGAGCTCG-3’ R3 for 
fluorescent protein tagging; and 5’-(gene-specific sequence) - 
ATCGATGAATTCGAGCTCG -3’ and 5’-(gene-specific sequence) - 
CGTACGCTGCAGGTCGAC -3’ for epitope protein tagging (Knop et al., 1999; Sheff 
and Thorn, 2004).  The forward primer consisted of the 40 or 45 3’ nucleotides of the 
gene to be tagged (excluding the stop codon) fused to F5 or S2; the reverse primer 
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consisted of the reverse complement of the 40 or 45 nucleotides 3’ of the stop codon 
fused to R3 or S3. After PCR purification (QUAGEN PCR kit), all purified PCR 
product was transformed into yeast cells plated on selective drop- out plates. Tagging 
of the targeted gene was confirmed by colony PCR to confirm the presence of both 
integration junctions and the absence of the unmodified gene (Knop et al., 1999; Sheff 
and Thorn, 2004). 
 
2.2.5 Immunofluorescent staining 
Yeast cells from liquid cultures were fixed by adding formaldehyde to a final 
concentration of 3.7%.  Cells were immediately spun down at high speeds, and the 
pellet re-suspended in 1 ml of freshly made KPF buffer [0.1 M KH2PO4 and K2HPO4 
(pH6.4), 3.7% formaldehyde].   After 1-2 hours at room temperature or overnight 
fixation at 4 oC, cells were collected by centrifugation, washed 3 times with 0.1 M 
KH2PO4 (pH 6.4) to remove the remaining of formaldehyde, and then re- suspended in 
1 ml of 1.2 M sorb/phos/cit (1.2 M sorbitol, 0.1 M phosphate- citrate, pH 5.9).  The 
yeast cells were stored at 4 oC for later use or immediately digested. These cells were 
suspended and spheroplasted in 0.2 ml of 1.2M sorbitol buffer/Glusulase/Lyticase [0.2 
ml of 1.2 M sorbitol buffer/Glusulase/Lyticase comprised of 180 μl 1.2 M 
sorb/phos/cit buffer, 20 μl snail gut juice (Glusulase) and 5 μl 10mg/ml lyticase].  
After 15 to 60 minutes at room temperature, the cells were washed once with 1ml of 
1.2 M sorb/phos/cit buffer, and re- suspended in 20 μl 1.2 M sorb/phos/cit buffer. 5 μl 
of these cells were immobilized onto a multi- well slide pre- treated with 0.1% Poly-L-
lysine for 5 minutes.  After removing excess cells, the slide was immersed into a 
methanol bath at -20  oC for 6 minutes, followed by immersion in an acetone bath at 
20  oC for 30 seconds.  This slide was then air- dried before the samples were incubated 
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with the relevant primary antibodies diluted with PBS-BSA either overnight at 4 oC or 
1 hour at 30  oC. The cells were then washed 3 times with PBS-BSA before being 
incubated with the appropriate secondary antibodies for 1 hour at 30  oC.  All 
incubations were carried out in darkened humidified petri- dishes to prevent exposure 
to light and evaporation of the antibodies.  The samples were again washed 3 times 
with PBS-BSA before addition of Vectashield- DAPI (Vector Laboratories, Inc.) for 
visualizing DNA.  Tubulin was visualized with the rat monoclonal anti- tubulin 
YOL1/34 primary antibody (Serotec) and Rhodamine conjugated goat anti- rat IgG 
(Jackson’s Laboratories) as the secondary antibody.  Tub4 was visualized using rabbit 
anti- Tub4 primary antibody (gift from John Kimartin) and FITC conjugated goat anti- 
rabbit IgG (Jackson’s Laboratories) as secondary antibody.  Samples were visualized 
and images captured using either Lecia DMRXA Microscope connected to a 
Hammamatsu charge- coupled device camera driven by Metamorph software 
(Universal Imaging Corporation) or Zeiss Axiovert 200M Microscope connected to a 
Photometrics COOLSNAP HQ digital camera driven by Metamorph software. 
 
2.2.6 Flow cytometric analysis 
Cells were collected and cell pellet was obtained by centrifugation.  The cell pellets 
were immediately re-suspended in 70% ethanol and left either for 1 hour at room 
temperature or overnight at 4  oC.  The cells were washed once with 0.2 M Tris- HCl 
(pH 7.5) containing 20 mM EDTA and then re-suspended in 0.1 ml of 1mg/ml RNase 
solution in 0.2 M Tris-HCl (pH 7.5) /20 mM EDTA.  After incubation for 4 hours at 
37  oC, the cells were washed once with PBS before being re-suspended in 100 μl of 
PBS containing 50 μg/ml propidim iodide (PI).  The samples were kept overnight at 4  
oC.  These samples were then diluted 10 times with PBS, briefly sonicated and 
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subjected to a FACScan flow cytometric analysis (Becton Dickinson, USA).  The 
DNA content of (10,000 cells) was analyzed with Cell Quest Version 3.3 Software.  
Flow cytometry was performed according to Lim et al. (1996). 
 
2.2.7 Microscopy 
To visualize signals from the GFP fusion proteins, cells collected at various time-
points were frozen immediately in dry ice without fixation and stored until further use.  
Cells were later thawed and mounted on slides with Vectashield containing DAPI 
(Molecular Probes).  The images were captured with a Leica DMRX microscope 
attached to a Hamamatsu charge-coupled device camera driven by the Metamorph 
software (Universal Imaging Corporation) or a Zeiss Axiovert 200M Microscope 
connected to a Photometrics COOLSNAP HQ digital camera driven by Metamorph 
software. 
For time-lapse imaging, the synchronized cells were mounted onto glass slides coated 
with a very thin layer of gelatin containing 2% glucose in a low immunofluorescence 
yeast nitrogen base with the complete drop out medium supplemented with adenine.  
GFP signals were sampled every 1 to 4 minutes as the cells progressed through the cell 
cycle.  For each time point, seven Z-sections (0.5 μm apart) of DIC and GFP images 
were obtained.  Exposure time for each image varied according to the brightness of 
fluorescence proteins tagged onto different genes.  A time-stack of these projections 
was compiled from the Z projections of these planes using Metamorph software, and 




CHAPTER 2: Materials and methods 
 57 
2.2.8 Protein analysis 
2.2.8.1 Protein extraction  
Total crude protein was extracted from yeast cells by the following two methods. 
 
2.2.8.1.1 Protein extraction using TCA 
Yeast cells at various time-points collected from liquid cultures were spun down, 
frozen immediately in dry ice and stored until further use.  The cells were later thawed 
on ice, re- suspended in 1 ml ice cold water. Based on the OD600 values of each time 
point measured by spectrometers, the densities of the various samples were 
normalized.  The final volume was adjusted to 1 ml.  150 μl of cold YEX lysis buffer 
(1.85 M NaOH, 7.5% β- mercaptoethanol) was added and the cells were kept on ice 
for 10 minutes after a few times of gentle inversion to mix.  Subsequently, 150 μl of 
50% ice cold TCA was added. Similarly, the suspension was kept on ice for another 10 
minutes after gentle inversion.  The samples were centrifuged at 4 oC for 10 minutes at 
13, 000 rpm. The supernatant was removed by aspiration and the protein pellet re- 
suspended in 50 μl of 1× gel loading buffer with 5 μl of 1M Tris- HCl (pH 8.0).  10 μl 
of this suspension was boiled for 5 minutes and loaded onto SDS- PAGE gels and 
subsequent Western blot analysis. 
 
2.2.8.1.2 Protein extraction using acid washed glass beads 
For immunoprecipitation, protein was extracted with acid washed glass beads.  Cells 
from liquid cultures were spun down and washed once with the Stop Mix buffer (0.9% 
NaCl, 1 mM NaN3, 10 mM EDTA, and 50 mM NaF).  Cell pellets were immediately 
frozen by liquid nitrogen, and stored in -20 oC for later use.  Cell pellets were later 
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thawed on ice. 0.2 ml of ice cold lysis buffer with protease inhibitors [1% Trition X-
100, 1% sodium deoxycholate, 0.1 % SDS, 50 mM Tris- HCl (pH 7.2), 1 mM PMSF, 
20 μg/ml leupeptin, 40 μg/ml aprotinin, 0.1 mM Na- orthovanadate, 15 mM p- 
nitrophenylphosphate] and 150~ 200 μl of acid-washed glass beads (Biospec) were 
added.  The cells were lysed by vigorous vortexing at 4 oC (IKA –Vibrax shaker).  
After centrifugation at 4 oC for 10 minutes at 13 000 rpm, the supernatant was 
transferred into a fresh Eppendoff tube, quick frozen in liquid nitrogen and stored at -
80 oC for later use.  Protein concentration was determined with the Bradford Protein 
Assay (Bio- Rad) according to manufacturer’s instructions. 
 
2.2.8.2 Immunoprecipitation 
1 mg of cell lysate obtained from the glass bead method was transferred to an 
Eppendoff tube containing 30 μl of antibody-conjugated beads (Santa Cruz).  The final 
volume was adjusted to 1 ml with lysis buffer containing protease inhibitors so that the 
cell lysate can interact with the antibody-conjugated beads completely.  This was 
followed by 3 to 4 hours of incubation in a roller at 4 oC.  The beads were then washed 
6 times with either RIPA buffer [1% Trition X- 100, 1% Na-deoxycholate, 0.1% SDS, 
150 mM NaCl, and 50 mM Tris- HCl (pH 7.2)] or low salt buffer [50 mM Tris- HCl 
(pH 7.5) and 50 mM NaCl].  After removing all remaining supernatant, 5 μl of 5 × gel 
loading buffer was added into the beads.  The samples were heat inactivated by boiling 
for 5 mins and completely loaded for SDS-PAGE electrophoresis and subsequent 
Western blot analysis. 
For in vitro immunoprecipitation, 1mg of cell lysate was incubated with purified MBP 
fusion protein or MBP protein alone which had already been bound to amylose resin. 
The samples were treated similarly as above. 
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2.2.8.3 in vitro kinase assay 
Kinase reactions were performed by incubating 150 μg of immunoprecipitated Cdc5-
HA3 (using Goat anti-HA conjugated beads from Santa Cruz) in 4 μl CK buffer (100 
mM HEPES, 750 mM KCl, 50 mM MgCl2, 5 mM EGTA, 5 mM DTT, 25 mM NaF, 
0.8 mM PMSF, 20 μg Leupeptin 40 μg Aprotinin, 0.1 mM Na3VO4 and 15 mM 
PNPP), then supplemented with 50 μM ATP, 1.1 μCi [32P] ATP and 20 μg casein as 
the substrate.  The kinase reaction was performed at 24 oC for 30 min and immediately 
terminated by adding 4 μl 5x loading buffer. Samples were electrophoresed on 12% 
SDS-PAGE gels.  
 
2.2.9 Recombinant protein expression and purification 
Bacterial strains containing the fusion plasmid grown overnight at 37 oC were 
inoculated into fresh 2 × TY medium (1.6% bacto- tryptone, 1% bacto- yeast extract, 
0.5% NaCl) supplemented with 100 μg/ml ampicillin (Sigma), 100 μg/ml 
chloramphenicol (Sigma) and 2% glucose.  The next morning, the culture was diluted 
to an OD600 of 0.3 with 2 × TY medium with ampicillin, chloramphenicol and glucose.  
IPTG (stock concentration 100 mg/ml) was added at a final concentration of 100μg/ml 
when the OD600 of the cells was 0.6.  After 3 hours of induction, cells were harvested 
by centrifugation at 5,500 rpm for 10 minutes; the cell pellets were snap frozen in 
liquid nitrogen and stored at -80 oC for later use.  Before purification, samples were 
loaded onto SDS PAGE and the gels were stained with Coomassie Blue to see if 
induction was successful.  
These cell pellets were thawed on ice and resuspended in washing buffer (20 mM 
TrisHCl, 0.2 M NaCl, 1 mM EDTA, 10 mM β-ME and 1 mM NaN3) supplemented 
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with protease inhibitors (Roche).  The cell suspension was cooled in an ice- water bath 
and subjected to short bursts of sonication (3 rounds of sonication for 20 seconds 
interspersed with 20 seconds of rest).  The samples were checked under the 
microscope before being centrifuged at 10,000 rpm for 20 minutes.  Supernatants were 
transferred into 15 ml Falcon tubes containing amylose resin slurry and incubated 
overnight in a roller at 4 oC.  The amylose resin was transferred into a 2.5×10 cm 
column.  The resin was then extensively washed with 8 column volumes of washing 
buffer with protease inhibitors.  After washing, the amylose resin was re- suspended 
with PBS and transferred into a fresh 2.0 ml Eppendoff tube for immunoprecipitation.  
Before doing immunoprecipitation, 5 μl of this amylose resin was loaded onto SDS 
PAGE gels which were later stained with Coomassie blue to verify the success of 
protein purification. 
 
2.2.10 Southern blot analysis 
10 μl of chromosomal DNA was used for restriction enzyme digestion and the digested 
DNAs were loaded onto a 1% agarose gel.  Subsequently, the DNA agarose gel was 
denatured for 1 hour (0.5 M NaOH, 1.5 M NaCl), and then neutralized for 1 hour (1M 
Triszma Base, 1.5 M HCl).  The DNA was then transferred onto Hybond N membrane 
using 20 X SSC as a transfer buffer (Sambrook et al., 1989).  After 16 to 18 hours of 
transfer, the DNA was cross- linked onto the membrane by a UV cross-linker.  The 
membrane was prehybridized for at least 1 hour before hybridizing overnight at 65 oC 
with the relevant DNA probes labeled with alpha 32P –dATP by the random primed 
DNA labeling kit (Roche).  The membrane was washed 3 times (10 mins each) with 
2X SSC/ 0.1% SDS at 65 oC, followed by 3 washes (10 mins each) with 0.1 X SSC/ 
0.1% SDS at 55 oC.  The membrane was exposed to film at -70 oC for a few days. 
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2.2.11 Chromatin Immunoprecipitation (Chromatin IP) 
Yeast cells were grown to OD600=1.0, formaldehyde (final concentration 1%) was 
added and shaken for another 30 minutes. Glycine was added to a final concentration 
of 125 mM.  After 5 mins, cells were pelleted, washed twice in ice cold PBS and were 
broken with glass beads.   The lysate was briefly sonicated to give DNA fragments 
between 500 bp and 1 kb. Cross-linked chromatin was divided into 2 portions.  One 
portion was used as input DNA while the other half was used for immuno-precipitation 
with anti-HA beads.  A parallel set of cross-linked chromatin was divided into two 
portions.  One portion served as a negative control (no antibody).  The other half was 
immunoprecipitated with anti-cmyc beads.  The samples were incubated at 65oC 
overnight and treated with RNase A.  The input DNA and coimmunoprecipitated 
samples were analyzed with PCR (24 cycles) using pairs of primers corresponding to 
the following loci; CEN3: 5’-ATCAGCGCCAAACAATATGG-3’ and 5’-
GAGCAAAACTTCCACCAGTA-3’, CEN16: 5’-TTGAAGCCGTTATGTTGTCG-3’ 
and 5’-TACCATGGTGTGTCACTTCC-3’, MET2: 5’-
AGATCCCAACTACTTGGACG-3’ and 5’-GGACACCACGCTTTGACCTT-3’ 
(Zeng et al., 1999).  PCR products were run on 2% agarose gels and visualized with 
ethidium bromide. 
 
2.2.12 RNA preparation and Real-time PCR 
Total RNA was isolated using RNeasy Mini Kit (QIAGEN) according to the 
manufacturer’s instructions with the addition of DNase I to remove residual DNA.  
Reverse transcription was performed on 450 ng of this extracted using Superscript III 
(Invitrogen).  After RNase H digestion for 30 mins at 37 oC, cDNA equivalent to 25 ng 
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of input RNA was used for real-time PCR, using IQ SYBR Green (Bio-Rad).  Primers 
are as follows: 
 KIP1: 5’-GCGGAGAATAAAAGGGCTCAA-3’ and 5’-
GGCCTAGTGTTAGCAGCGATTT-3’;  
CIN8: 5’-AATGACCACCTTGACGAAAATAAAA-3’ and 5’-
CGCGCTGGTTGCAGTTG-3’;  
CDC28: 5’-TGAGAGCTTACACACATGAAATTGTT-3’ and 5’-
CCTGTACTATATTGTTTTCCACCCAGTA-3’.  
Reactions were carried out with the IQ5 multicolour real time PCR detection system 
(Bio-Rad).  The cycle programs are as follows:  
Cycle 1: (1X)                                                                          minutes 
 Step 1:   95.0 °C   for 03:00. 
 Cycle 2: (40X) 
 Step 1:   95.0 °C   for 00:10. 
 Step 2:   55.0 °C   for 00:30. 
 Step 3:   72.0 °C   for 00:40. 
 Data collection and real-time analysis enabled. 
 Cycle 3: (1X) 
 Step 1:   72.0 °C   for 10:00. 
 Cycle 4: (1X) 
 Step 1:   95.0 °C   for 01:00. 
 Cycle 5: (1X) 
 Step 1:   55.0 °C   for 01:00. 
 Cycle 6: (81X) 
 Step 1:   55.0 °C-95.0 °C  for 00:10. 
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 Increase set point temperature after cycle 2 by 0.5 °C 
 Melt curve data collection and analysis enabled. 
 Cycle 7: (1X) 
 Step 1:   15.0 °C   for 24:00. 
Data were analyzed by IQ5 optical system software version 2 (Bio-Rad).  To ensure 
accuracy, each sample was run in duplicates and procedure repeated 4 times.  The 
results were then combined and analyzed.  
 
 2.2.13 Two- dimensional gel electrophoresis (2D gel) 
50 μg cell extracts, 0.5 μl TCEP [Tris- (2- carboxyethyl) phosphine], 0.6 μl IPG buffer 
(e.g. ampholytes, pharmalytes, resolytes)  and sample buffer (8 M Urea, 2% CHAPS 
[3-([3-Cholamidopropyl]dimethylammonio)-1-propanesulfonate] with trace 
bromophenol blue) were added to make final volume 125 μl  and loaded on the 
Immobiline Drystrip (7cm [pH 3-10NL], Amersham).  Strips were rehydrated at 30 V 
for 13.5 hr and isoelectric focusing (IEF) was performed in an IPGphor system (Bio-
Rad) at 500V for 45 min, 1000V for 45 min and 8000V for 90 min.  Before running 
the second dimension SDS-PAGE gels, strips were rinsed with water to remove oil and 
then equilibrated in two steps using equilibrium buffer (50 mM Tris HCl [pH8.8], 6 M 
Urea, 30% Glycerol, 2% SDS and trace bromophenol blue) containing 10mg/ml DTT 
(dithiothreitol), rinsed with water and subsequently with equilibrium buffer containing 
25mg/ml iodoacetamide, and layered onto SDS-PAGE gels. For calf intestinal alkaline 
phosphatase (CIP) treatment control, 1μl of CIP was added to 50 μg cell extracts with 
appropriate amount of CIP buffer. CIP reaction was performed at 37 oC for 30mins 
then the reaction was layered onto 2D gels. 
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2.2.14 Pulse- chase assay 
Yeast cells were grown in YEP medium supplemented with 2% raff at 24 oC overnight.  
The cells were diluted to a final OD600 of 0.4 the next morning in YEP medium 
supplemented with 2% raff, and arrested with α factor for 2 hours at 24 oC.  The cells 
were washed and immediately placed into YEP medium supplemented with 2% raff 
and 2% galactose to induce expression of targeted proteins driven by GAL promoter, 
and then further treated with α factor for another hour to allow cells to be 
synchronized in G1 phase at 24 oC.  These cells were then washed and released into 
YEP medium supplemented with 2% glucose at the desired temperature (24 oC, 32 oC 
or 36 oC).  2 ml samples were collected every 10 mins, centrifuged and pellets were 
snap-frozen and stored at -20 oC before processing.  The TCA extracts prepared from 
the pellets were loaded onto 8-10% SDS gels for Western blot analysis.  The resulting 
blots were scanned and analyzed by densitometer (Bio- Rad). 
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Prior to the onset of anaphase, duplicated sister chromatids are held together by the 
cohesin complex, which prevents premature segregation.  During the metaphase-to-
anaphase transition, the E3 ubiquitin ligase APCCdc20 mediates the proteolytic 
destruction of securin, a separase inhibitor encoded by the PDS1 gene.  The separase 
Esp1, which is now free of the inhibitory effects of securin, cleaves the cohesin subunit 
Scc1, triggering the loss of cohesion between sister chromatids and hence leading to 
sister chromatid segregation (Uhlmann et al., 1999).  Progressive separation of sister 
chromatids stems from the pole-ward pull by the kinetochore microtubules; one end of 
which is anchored to the centrosome while the other end is captured by the sister 
kinetochores.  In budding yeast, the kinetochores begin to experience the pole-ward 
pull during mid-to-late S phase when this bipolar attachment is first established.  The 
cohesin complex that tethers centromeric DNA helps the sister kinetochores to resist 
the pole-ward pull and prevents any premature, pole-ward movement of chromosomes 
before the onset of anaphase.  The interplay of these opposing forces is, in large part, 
responsible for making the mitotic spindle a tension-ridden structure.  Although the 
cohesin complex at and around centromeric region resists the pole-ward pull, 
centromeres undergo a measurable degree of separation under the influence of this 
force without chromosome arm separation (Tanaka et al., 2000; He et al., 2000).   This 
pre-anaphase centromere separation, referred to as ‘transient separation’, reflects the 
inherent elasticity of the centromeric region since disassembly of microtubule by 
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Nocodazole treatment abolishes transient separation and brings duplicated centromeric 
region once again in very close proximity.  Transient separation of sister kinetochores 
prior to anaphase suggests that cohesin complexes in centromeric region are subjected 
to a greater separation force compared to the distal complexes in the chromosome 
arms.  This raises an important question: are cohesin complexes at the centromeric 
region sufficient by themselves to resist the pole-ward pull or must the resistance be 
augmented by other protein (s) that may reside at the centromeric region or at the 
kinetochores? 
The dynamic properties of the kinetochore protein Slk19 are of interest in this context.  
Slk19 localizes to kinetochores until metaphase but relocates to the spindle mid-zone 
later in mitosis (Zeng et al., 1999).  At the onset of anaphase when separase cleaves 
cohesin subunit Scc1 to dissolve sister chromatid cohesion, it also cleaves Slk19 at a 
site 77 amino acids from the N-terminus.  Subsequently, the larger of the cleaved 
product localizes to the spindle mid-zone, though the cleavage by separase is not 
essential for its relocation to the spindle (Sullivan et al., 2001).  It has been suggested 
that Slk19 plays a role in the stabilization of the mitotic spindle (Zeng et al., 1999).  It 
has also been implicated in the FEAR pathway which participates in the regulation of 
mitotic exit (Stegmeier et al., 2002).   Recent evidence strongly suggest that Slk19 
prevents premature segregation of sister chromatids in meiosis I (Kamieniecki et al., 
2000; Buonomo et al., 2003).  However, it remains unclear what role it serves at the 
kinetochores during mitosis.  In this section we investigate this in more depth. 
 
3.2 The absence of Slk19 causes chromatin mass deformation 
To test whether lack of Slk19 function affects chromosome partitioning in mitotic 
cells, wild-type and slk19Δ cells, synchronized in G1 by α factor treatment, were 
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allowed to resume cell cycle progression at 24°C.  While in wild-type cells the 
chromatin mass elongated briefly (110 mins) and then rapidly underwent complete 
division, (Figure 5), chromatin mass in slk19Δ  cells elongated earlier (90 mins) and 
lingered in elongated state (partial nuclear division) before eventually resolving into 
two well-separated entities (Figure 5, upper right panel and graph).  We refer to this 
phenotype as chromatin-mass deformation (CMD).  Since Slk19 is proposed to play a 
role in nucleolar division during meiosis I (Buonomo et al., 2003), we examined the 
state of nucleolus by Rpa190 (a protein localized to nucleolus) staining in slk19Δ cells.   
Compared to wild type cells (Figure 5, bottom panel), ‘nucleolar material’ in 
slk19Δ cells remained stretched (albeit to somewhat lesser extent than the chromatin 
mass) for a longer period, perhaps reflecting a requirement for Slk19 for nucleolar 
division in mitosis (Buonomo et al., 2003).   




Figure 5.  Nuclear division in slk19Δ cells.  
 
WT (US3824) and slk19∆ cells (US3449) were arrested in G1 using α factor and released into 
YEPD at 24°C.  Samples were collected every 15 mins and analyzed for extent of budding, the 
state of nuclear division (a total of 150 cells were counted for each time point; 90 and 110 
mins samples are shown), DNA content and the levels of Clb2 and Cdc28.  The lower most 
panel shows the localization of the nucleolar marker protein RPA190 (at 90 and 110 mins).  
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To determine whether CMD in slk19Δ cells requires onset of anaphase, we examined 
the nuclei in slk19 Δ cdc20 Δ double mutant.  Cdc20 is an activator of anaphase 
promoting complex (APC) required for the initiation of nuclear division; hence 
CDC20-deficient cells are unable to trigger anaphase.  When released into glucose 
medium from α factor induced G1 arrest, cdc20Δ GAL-CDC20 mutant arrested with a 
single, round nucleus (Figure 6A, top left panel).  Surprisingly, ~90% of cdc20Δ 
slk19Δ GAL-CDC20 cells contained chromatin mass stretched across the mother-
daughter junction (Figure 6A, upper right panel and graph).  As expected, neither Scc1 
cleavage nor Clb2 degradation was detected in either strain suggesting that neither 
anaphase nor mitotic exit had been initiated (Figure 6A).  Since Slk19 has been 
described as a kinetochore protein, it is possible that inactivation of other kinetochore 
proteins may also lead to CMD.  We, therefore, have examined the state of nuclear 
division in a strain defective in NDC10 function (a kinetochore component).  cdc20Δ 
ndc10-1 GAL-CDC20 cells were subjected to the experimental regime as described 
above.  As expected, ndc10-1 cells assembled a bipolar spindle and failed to undergo 
nuclear division at the non-permissive temperature but did not exhibit chromatin mass 
deformation (Figure 6B). 




Figure 6.  (A) Partial nuclear division in slk19∆ cells occurs prior to initiation of 
anaphase.  cdc20∆ GAL-CDC20 (US3398) and cdc20∆ slk19∆ GAL-CDC20 (US3399) cells 
were arrested in G1 using α factor and released into YEPD at 24°C.  At the end of 4 hours, the 
cells were collected and analyzed for the state of nuclear (DAPI) division (top panel and 
middle graph; for each time point, 150 cells were counted).  In a parallel experiment, G1 
synchronized cdc20Δ (US3568) and cdc20Δ slk19Δ (US3579) cells containing SCC1-cmyc18 
were released into YEPD at 24°C.  Samples were analyzed for the levels of Scc1, Clb2 and 
tubulin, and DNA content. * denotes cleaved Scc1 (middle panel).  The bottom panel shows 
the localization of the nucleolar marker protein RPA190 (at 240 min).  (B) Partial nuclear 
division does not occur in ndc10 mutant cells.  To check whether partial nuclear division 
occurs in another kinetochore component- defective mutant, cdc20Δ ndc10-1 GAL-CDC20 
(US4708) cells were subjected to identical experimental regime as described above.  (C) 
Spindles in slk19Δ cells.  Samples taken at 240 mins from both US3398 and US3399 cells as 
described in (A) were stained using anti-Tub4 antibodies.  
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These observations imply that chromatin-mass deformation in slk19 Δ cells occurs 
prior to anaphase initiation and does not require APC activity or Scc1 cleavage.  
Consistent with an earlier report (Zeng et al., 1999), the mitotic spindles in some 
cdc20Δ slk19Δ cells were abnormally short and in many cells, took on an oblong dot-
like appearance.  However, staining with antibodies against SPB component Tub4 
showed paired but clearly separated spots, suggesting that these were indeed short 
spindles (Figure 6C).  It is noteworthy that unlike cdc20 Δ slk19 Δ cells, cdc20 Δ cells 
continue to enlarge while arrested at G2-M and these cells eventually become almost 
50% greater than cdc20Δ slk19Δ cells. 
 
3.3 The absence of Slk19 does not affect amphitellic attachment 
It is possible that chromatin-mass deformation in slk19Δ cells results from a splayed 
chromosomal arrangement at metaphase since bipolar attachment to kinetochores 
cannot be achieved in these cells due to the short spindles.  A convenient indicator of 
bipolar attachment is the separation of sister chromatids at the centromeric region.  We 
used a TetO/GFP-TetR system (Michaelis et al., 1997; Tanaka et al., 2000) to mark 
chromosome V centromeres (CENV proximal locus) with GFP.  In this system, 336 
copies of Tet Operators (TetO) were integrated 1.4 kb to the left of chromosome V 
centromere.  In addition, a Tet repressor- GFP (GFP-TetR) fusion protein driven by the 
URA3 promoter and with the addition of nuclear localization signal immediately after 
the ATG codon was integrated into the LEU2 locus. Hence, CENV can be visualized 
microscopically.  The appearance of two GFP dots is indicative of bipolar attachment.  
To compare the timing of sister centromeric separation in wild-type and Slk19-
deficient cells, G1-arrested wild-type and slk19Δ strains carrying TetO/GFP-TetR 
constructs (US3437 and US3502) were allowed to resume cell cycle progression in 
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fresh medium at 24°C.  As shown in Figure 7 (Graph), the timings of budding and 
centromeric separation are comparable in both strains suggesting that short spindles in 
slk19 Δ cells are able to establish bipolar attachment.  Two GFP dots are also observed 
in time points where chromatin mass is elongated in slk19Δ cells (Figure 7, 
photomicrograph) implying that splaying of chromatin mass occurs despite the ability 
of cells to establish bipolar attachment. 




Figure 7.  Bipolar attachment in slk19Δ cells.  
 
WT (US3437) and slk19Δ (US3502) strains carrying TetO/GFP-TetR constructs were arrested 
in G1 using α factor and released into YEPD at 24°C.  Samples withdrawn every 15 mins were 
analyzed for state of nuclear division, centromeric markers (for each time point, 150 cells were 
counted) and DNA content.  The bottom panels show the state of GFP-marked centromeric 
markers at 90 mins, 105 mins and 120 mins time points in both WT and slk19Δ cells. 
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3.4 Mobile nucleus in Slk19 deficient cells 
During normal progression through the cell cycle, the nucleus shows dynamic 
movements but it remains on one side of the mother-daughter junction.  It is only 
during the onset of anaphase that the nucleus moves into the mother-daughter junction 
as it begins to elongate.  In the absence of Slk19 function, the nucleus moves into the 
mother-daughter neck region prematurely despite the cell’s inability to initiate 
anaphase.  We therefore examined nuclear dynamics more closely using live cell 
imaging in Slk19-deficient cells arrested in G2-M phase.  We chose to deplete Cdc20 
in order to impose a G2-M arrest because, unlike mutations in other APC components 
such as Cdc16 or Cdc23 (which also cause arrest in G2-M), cdc20 mutant cells do not 
exhibit any extra nuclear DNA movement and behave just as wild-type cells (Palmer et 
al., 1989).  For live cell imaging, two strains, cdc20Δ GAL-CDC20 and slk19Δ cdc20Δ 
GAL-CDC20 expressing HTA2- EGFP (encoding histone H2A subtype fused to 
EGFP) were employed.  The tagging of HTA2 with EGFP allowed visualization of the 
chromatin mass.  Cycling cells were incubated in glucose medium at 24°C and 
subjected to time-lapse microscopy after the newly formed bud had grown to 
approximately half the size of the mother.  As shown in Figure 8, the nuclei in cdc20Δ 
cells maintained their round shape and remained in the mother, as would be expected 
of cells arrested in G2-M.  Throughout the imaging, the nucleus remained locally 
mobile within the mother cell (as judged by its changing position with respect to the 
neck) but never entered the mother-daughter neck.  The nuclei in cdc20Δ slk19Δ cells, 
on the other hand, transited rapidly between the round and elongated form but 
eventually entered the daughter compartment with loosely attached fragments of 
chromatin still remaining in the mother.  As expected, both cdc20Δ and slk19Δ cdc20Δ 
cells remained firmly arrested in G2-M throughout the experiment and did not proceed 
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to mitosis.  These results suggest that in the absence of Slk19, the nucleus becomes 
more mobile and moves prematurely into the daughter bud. 




Figure 8. Nuclear dynamics in Slk19 deficient cells.  
 
cdc20Δ (US4235) and cdc20Δ  slk19Δ (US4260) with integrated HTA2-EGFP were incubated 
in YEPD medium. The cells were immobilized onto gelatin coated glass slides containing 2% 
glucose in low immunofluorescence yeast nitrogen base with complete drop-out medium 
supplemented with adenine.  GFP signals were sampled every 4 mins.   For each time point, 
seven Z-sections (0.5 μm apart) were taken and Z projections of these planes were made using 
Metamorph software. 
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3.5 Spindle behaviour in Slk19 deficient cells 
Since the spindle plays a central role in chromosome segregation, we asked whether 
partial division of the chromatin mass seen in slk19Δ cells prior to anaphase is due to 
the force exerted by the spindle.  cdc20Δ GAL-CDC20 (US3398) and cdc20Δ slk19Δ 
GAL-CDC20 (US3399) cells were released from G1 arrest into glucose medium at 
24°C with or without the microtubule depolymerizing agent nocodazole (Noc).  While 
cdc20Δ cells arrested with single round nucleus irrespective of Noc treatment (Figure 
9A, panel a), cdc20Δ slk19Δ cells released in Noc-containing medium (precluding 
spindle formation) lost the CMD phenotype and arrested with undivided, round nuclei 
(Figure 9A, middle section in panel b).  In a parallel experiment, nocodazole was 
added after cdc20Δ slk19Δ GAL-CDC20 cells had arrested in G2-M (with short 
spindles and elongated nuclei) by growth in glucose medium.  In this case the nuclei 
remained partially divided (Figure 9A, bottom section in panel b).  These observations 
suggest that partial nuclear division in slk19Δ cells results from the force exerted by 
the spindle.  Moreover, the ‘chromatin-mass deformation’ is irreversible such that once 
introduced, it cannot be undone by depolymerizing the spindle.  To determine where 
Slk19 is normally localized when the cells are arrested at the particular stage observed 
in these experiments, cdc20Δ GAL-CDC20 cells expressing Slk19- GFP and Ndc10-
ECFP (US4194) were arrested in G2-M by transferring them to glucose.  Co-
localization of Slk19 and the kinetochore component Ndc10 suggests that Slk19 is 
associated with kinetochores during Cdc20 depletion-induced arrest (Figure 9A, panel 
c).  
To examine the spindle behaviour more closely in the absence of Slk19, we 
determined the spindle length distribution in cdc20Δ GAL-CDC20 (US3398) and 
cdc20Δ slk19Δ GAL-CDC20 (US3399) strains.  Cells were arrested at G2-M by 
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growth in glucose, spindles were stained using anti-tubulin antibodies and spindle 
length was measured using the Caliper Function (Metamorph software).  As shown in 
Figure 9B, the spindle lengths show a wider distribution (~0.8-2.2 μm) in slk19Δ cells 
compared with Slk19-proficient cells (~2-3 μm).  A wider distribution of spindle 
lengths may be a result of heightened mobility of spindles in Slk19-deficient cells.  A 
small proportion of slk19Δ cells do contain spindles, which are of approximately the 
same length (or somewhat larger) as those in the Slk19-proficient cells.  To directly 
observe spindle dynamics, we undertook live imaging of wild-type and slk19Δ cells 
expressing Spc42-GFP (US3786 and US4164).  Spc42 is a SPB component; hence, the 
distance between the two Spc42-GFP spots can be taken as a measure of spindle 
length.  Cells with closely spaced but visibly separated GFP spots were filmed until 
one of the spots entered the mother-daughter neck region and the distance between the 
GFP spots was measured every five minutes.  Though spindles are generally shorter in 
slk19Δ cells (Figure 9B) (Zeng et al., 1999), in this experiment we selected cells from 
both strains which had approximately the same distance between Cdc42-GFP spots; 
this allowed us to measure spindle length with comparable accuracy.  While spindle 
lengths in wild-type cells show relatively smaller oscillations around a mean length, 
spindles in slk19Δ cells show larger oscillations (Figure 9C) suggesting that the spindle 
is relatively more dynamic in the absence of Slk19 protein.  This is consistent with the 
possibility of an involvement of Slk19 in spindle dynamics raised previously (Zeng et 
al., 1999).   Although it is not immediately clear why absence of Slk19 at the 
kinetochore leads to an increasingly dynamic spindle (see Discussion), the increased 
‘mobility’ may contribute significantly to CMD observed in slk19 Δ cells. 




Figure 9. (A) Partial nuclear division in slk19∆ results from the force exerted by the 
spindle.  G1 synchronized cdc20∆ GAL-CDC20 (US3398) and cdc20∆ slk19∆ GAL-CDC20 
(US3399) strains were released into YEPD containing nocodazole (15μg/ml).  Panel (a) shows 
cdc20∆ and panel (b) cdc20∆ slk19∆ cells.  Top row shows cells at 240 mins after release from 
α factor into YEPD.  Middle row shows cells at 240 mins after release from α factor into 
YEPD containing nocodazole.  Bottom row shows cells that were first arrested in G2/M with 
short spindles (240 mins) and then treated with nocodazole for 1.5 hours.  (c) Co-localization 
of Ndc10 with Slk19 in cdc20Δ GAL-CDC20 cells (US4194) arrested in G2/M by Cdc20 
depletion in glucose medium.  (B) Spindle length distribution in cdc20∆ and cdc20∆ slk19∆ 
cells.  cdc20Δ GAL-CDC20 (US3398) and cdc20Δ slk19Δ GAL-CDC20 (US3399) cells were 
arrested in G1 using α factor and released into YEPD at 24°C.  At the end of 4 hours, cells 
were stained with anti-tubulin antibodies. The spindle length was determined using 
Metamorph software (a total of 270 cells were counted). (C) Greater variation in distance 
between SPBs in slk19Δ cells.  WT (US3786) and slk19Δ (US4164) strains expressing Spc42-
GFP integrated at the TRP1 locus were immobilized onto gelatin coated slides and 
immunofluorescent signals were observed every 5 mins.  The distance between the Spc42-GFP 
spots is plotted versus time. 
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 3.6 Loss of centromeric elasticity in Slk19 deficient cells 
If bipolar attachment to kinetochores can be established and the cohesin subunit Scc1 
is not cleaved in G2-M arrested Slk19-deficient cells (Figure 6A), what causes the 
nucleus to undergo partial division?  One possibility is that the cohesin complex 
assembly may be defective in Slk19-deficient cells; therefore centromeric cohesion is 
unable to resist pole-ward pull by the spindle.  To test this possibility, we constructed 
strains in which the C-terminus of the endogenous SMC1 or SMC3 was tagged with 
HA6, and SCC1 was tagged with cmyc18 in both WT and Slk19Δ cells.  We first 
immunoprecipitated SMC1-HA6 or SMC3-HA6 with sepharose beads conjugated to 
rabbit anti-HA antibody from protein extracts of these strains.  Subsequently, Western 
blots were performed to detect any associated SCC1-cmyc18 by probing the blots with 
mouse anti-myc antibody.  To ensure the specificity of the physical interaction, 
reciprocal immunoprecipitation regimes were performed.  We found that cohesin 
subunits Smc1 and Smc3 are physically associated with Scc1 in slk19Δ cells just as in 
wild-type cells (Figure 10A), which suggests that cohesin assembly is not grossly 
abnormal in slk19Δ cells.  Alternatively, centromeric resistance to pole-ward pull prior 
to anaphase may require the function of kinetochore proteins, such as Slk19, in 
addition to cohesin complex-mediated cohesion.  As mentioned earlier, transient 
separation of centromeres (visualized by GFP-marked CEN proximal region) is a result 
of pole-ward pull experienced by them once bipolar attachment to the spindle 
microtubules has been established.  The pre-anaphase separation of centromeres in 
wild-type cells is abolished when the spindle is disassembled by nocodazole. This 
elastic behaviour, which can be visualized as the merging of two distinct GFP signals 
into one upon nocodazole treatment, reflects the inherent tensile strength that prevents 
centromeric regions from irreversible deformation. 
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Figure 10. (A) Cohesin complex remains intact in WT and slk19Δ cells. Proteins were 
extracted from WT cells and slk19Δ cells with endogenously tagged SMC1-HA6 and SCC1-
cmyc18 or SMC3-HA6 and SCC1-cmyc18 at their respective loci. Immunoprecipitates from the 
cell extracts were obtained by using rabbit anti-HA or rabbit anti-cmyc beads and analyzed by 
Western blotting using mouse anti-cmyc or mouse anti-HA antibodies respectively. (B) 
Centromeric cohesion loses its elasticity in the absence of Slk19. cdc20Δ GAL-CDC20 
(US3444) and cdc20 slk19Δ GAL-CDC20 (US3448) strains carrying TetO/GFP-TetR 
constructs were arrested in G1 using α factor and then released into YEPD for 240 mins to 
arrest them in G2/M. Each culture was divided into two halves; nocodazole was added to one 
half of the culture for 1.5 hours. Samples were collected and proportion of cells (a total of 150 
cells were counted) with divided centromeric markers was determined (bottom left panel). The 
distance between the centromeric markers is graphically depicted in the bottom right panel. 
(C) Physical association of Slk19 and Scc1. (a) WT cells with endogenously tagged SLK19-
HA6 and SCC1-cmyc18 at their respective loci (US3779) were arrested in G1 (α factor), S phase 
(hydroxyurea) and metaphase (nocodazole).  Immunoprecipitates from the cell extracts were 
obtained by using rabbit anti-HA or rabbit anti-cmyc beads and analyzed by Western blotting 
using mouse anti-cmyc or mouse anti-HA antibodies respectively. * and ** indicate the 
cleaved forms of Scc1 and Slk19, respectively. The extracts were analyzed by Western 
blotting.  (b) Negative control. Extracts were immunoprecipitated with goat anti-HA or rabbit 
anti-cmyc antibodies and analyzed by Western blots using mouse anti-cmyc or mouse anti-HA 
antibodies, respectively. Lane1: WT with endogenously tagged SLK19-HA6 and SCC1-cmyc18 
at their respective loci (US3779); Lane 2: untagged WT (US1363); Lane 3: WT with 
endogenously tagged SCC1-cmyc18 and untagged Slk19 (US3335); Lane 4: WT with 
endogenously tagged SLK19-HA6 and untagged Scc1 (US4305). (c) Extracts were 
immunoprecipitated with goat anti-HA or rabbit anti-cmyc beads and immunprecipitates were 
analyzed by Western blotting using mouse anti-cmyc or mouse anti-HA antibodies, 
respectively. Lane 1: Extracts from asynchronously growing untagged WT (US1363); Lane 2: 
WT carrying endogenously tagged SLK19-HA6 and SCC1-cmyc18 (US3779); Lane 3: WT with 
endogenously tagged SCC1-cmyc12 and carrying slk19-(Δ1-77)-HA3 on CEN plasmid 
(US3972). (d) The results from a MBP pull down assay. Bacterially produced MBP or MBP-
Slk19 fusion proteins immobilized onto beads were incubated with various extracts and 
analyzed by Western blotting against mouse anti-cmyc antibodies or rabbit anti-Clb2 
antibodies. Lane 1: MBP-Slk19 beads with extracts containing SCC1-cmyc18 (from US3335); 
Lane 2: MBP beads with extracts containing SCC1-cmyc18 (from US3335); Lane 3: MBP-
Slk19 beads; Lane 4: MBP beads; Lane 5: extracts containing SCC1-cmyc18 (from US3335); 
Lane 6: extracts from untagged WT (US1363) as a negative control. 
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To determine whether Slk19 deficiency can decrease the centromeric strength, cdc20Δ 
GAL-CDC20 and cdc20Δ slk19Δ GAL-CDC20 strains harbouring TetO/GFP-Tet-R 
constructs (US3444 and US3448) were arrested in G2-M by growth in glucose and the 
centromeric markers of both strains were analyzed and counted.  As shown in the left 
graph of Figure 10B, in both strains, ~60% of cells showed pre- anaphase separation of 
centromeres.  Upon nocodazole treatment, while centromere separation was seen in 
only ~20% of cdc20Δ cells, centromeres remained separated in 60% of cdc20Δ slk19Δ 
cells (Figure 10B).  These results imply that absence of Slk19 causes the loss of elastic 
recoil at the centromeric region.  As shown in the right graph of Figure 10B, despite 
the loss of elasticity, the distance between the GFP marked centromeres in cdc20Δ 
slk19Δ cells was quite similar to that in cdc20Δ cells prior to nocodazole treatment.  
It is worth noting that premature nuclear migration into the mother-daughter neck 
(Figure 5), chromatin-mass deformation (Figure 6), highly dynamic spindle (Figure 9), 
and loss of elastic recoil at the centromeric region (Figure 10) are the most 
conspicuous phenotypes caused by the absence of Slk19.  But how can the absence of 
a single protein Slk19 trigger events leading to these varied, though related defects?  It 
is quite likely that these related phenotypes are the manifestation of some basic defect 
introduced by the lack of Slk19 function, for instance, chromatin-mass deformation or 
the loss of tensile strength at the centromeric region.  Alternatively, it is also possible 
that these phenotypes are a result of a combined effect due to the absence of Slk19.  
Since these phenotypes are observed in cells arrested in G2-M, a stage when Slk19 is 
normally localized to the kinetochores (Figure 9A) (Zeng et al., 1999), there might 
exist a role for Slk19 at the kinetochore which may be relevant to these phenotypic 
effects.   The pre-anaphase chromatin mass elongation (Figure 6A) and the loss of 
elastic recoil of the centromeric region in the absence of Slk19 (Figure 10B) may also 
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suggest the importance of Slk19 in providing tensile strength to the centromeric 
region.  Hence, we surmise that while the cohesin complex helps to fasten sister 
chromatids together, Slk19 may help to strengthen the ‘tether’ at centromeric region, 
enabling it to counter the pole- ward pull by the spindle. 
 
3.7 Physical association between Scc1 and Slk19 
The notion that Slk19 might participate in maintaining centromeric tensile strength, 
suggests a possible physical association between the cohesion complex and Slk19.  To 
test this, wild-type cells carrying SLK19-HA6 and SCC1-cmyc18 (US3779) at their 
respective native loci were treated with α factor, hydroxyurea (HU) or nocodazole to 
arrest the cells in G1, early S phase and metaphase, respectively.  After 3 hours, cells 
were harvested and proteins extracted for reciprocal immunoprecipitation experiments 
(IP).  Protein complexes bound to SCC1-cmyc18 were immunoprecipitated using beads 
conjugated with rabbit anti-myc antibody and Western blot analyses were done to 
detect any associated SLK19-HA6 by probing with mouse anti-HA antibody.  The 
reciprocal experiment was done: proteins bound to SLK19-HA6 were 
immunoprecipitated using beads conjugated with rabbit anti-myc antibody and any 
associated SCC1-cmyc18 were detected by mouse anti-HA through Western blots.   
The IP results showed that Slk19 associated with the full-length Scc1 in asynchronous, 
G1, S and M arrest extracts (Figure 10C, top left panel in section a).  Likewise, both 
the full-length and the cleaved form of Slk19 were able to complex with Scc1 (Figure 
10C, bottom left panel in section a).  To ensure the specificity of this interaction, we 
performed reciprocal IP experiments using proteins extracted from untagged WT cells, 
SCC1-cmyc18 cells (with untagged Slk19) and SLK19-HA6 cells (with untagged Scc1) 
as control.  The controls confirmed that this interaction is indeed specific (Figure 10C, 
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section b).  Furthermore, truncation of the N-terminus 77 amino acids (1-77 amino 
acids cleaved by separase) appeared to substantially reduce the association of Slk19 
with Scc1; this implies that Scc1-Slk19 interaction is perhaps aided by the N-terminus 
but interaction is not exclusively dependent on it (Figure 10C, section c).  To further 
confirm this interaction identified by the in vivo co-IP, we decided to do in vitro MBP 
pull-down assay.  As such, bacterially produced MBP and MBP-SLK19 fusion 
proteins were immobilized onto beads, proteins extracted from SCC1-cmyc18 and WT 
untagged cells were added to the beads and subjected to immunoprecipiation.  
Consistent with the interaction between Scc1 and Slk19 in IP experiments, bacterially 
produced MBP-Slk19 fusion protein was able to efficiently bind Scc1-cmyc18 in cell 
extracts in a ‘MBP pull-down assay’ (Figure 10C, section d).  Therefore, both co-IP 
and in vitro MBP pull-down assay results indicate that the physical interaction of Scc1 
and Slk19 is likely to be physiologically relevant.  Thus, the fact that Slk19 physical 
interacts with Scc1 (this study) together with Slk19’s genetic interaction with the 
components of alternative RFC complex involved in the establishment of sister 
chromatid cohesion (Mayer et al., 2004) further strengthen the notion that Slk19 
provides tensile strength to the centromeric regions of duplicated chromatids. 
To determine whether the N-terminus domain is important for Slk19’s ability to 
provide tensile strength to the centromeres, cdc20Δ slk19Δ GAL-CDC20 cells 
harbouring TetO/GFP-TetR constructs were transformed with a CEN plasmid 
expressing either wild-type Slk19 (US3986), separase-resistant Slk19 (R77E) 
(US4024) or Slk19(Δ1-77) (US4025).  Cells were arrested in G2/M by growth in 
glucose to allow spindle formation and transient separation of centromeres, followed 
by nocodazole treatment to destroy spindle. Both wild-type Slk19 and non-cleavable 
Slk19 (R77E) restore the elastic behaviour of centromeric regions to a significant 
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extent (Figure 11).  However, although SLK19 (Δ1-77)-GFP (US 3309) is still 
localized to the kinetochores compared with SLK19-GFP (US 2237) (Figure 11A), it 
fails to alleviate the loss of elasticity (Figure 11B).  These experiments imply that the 
N terminus domain of Slk19 is important for the maintenance of centromeric elasticity.  
We have noticed consistently that for some reason a CEN plasmid-borne wild-type 
SLK19 gene is not as efficient in restoring centromeric elasticity as the chromosomally 
integrated copy.  
Slk19 also contains seven putative coiled-coil domains in the C-terminus.  To test 
whether these domains are important for binding to Scc1, we constructed strains 
expressing Slk19 lacking first, second, third or the fourth coiled-coil domain and tested 
their ability to interact with Scc1 (Figure 11C).  WT strains with endogenously tagged 
SCC1-HA6 and carrying CEN plasmids with SLK19-cmyc12 or lacking Slk19’s first, 
second, third or the fourth coiled-coil domain were subjected to co-IP experiments.  
The deleted versions showed either marginal or no physical interaction with Scc1.  Is 
binding to Scc1 necessary for Slk19 to impart elasticity to the centromeric region?  
The SLK19 clones lacking various coiled-coil domains were introduced into slk19Δ 
mutant and were tested for their ability to restore centromeric elasticity.  Only three of 
the four deleted versions [Slk19-(Δ419-498), Slk19-(Δ511-538), Slk19-(Δ327-400)] 
were tested since we failed to obtain a KANMX version of slk19-(Δ543-577).  None of 
the three deletion constructs was able to efficiently restore the centromeric elasticity in 
Slk19-deficient cells (Figure 11C, Table).  Moreover, when GFP-fusions of these 
truncated versions of Slk19 were examined for their cellular location, none of them 
were able to localize to kinetochores.  Hence, these three coiled-coil domains in the C-
terminus of Slk19 may be important for the interaction with Scc1 and this interaction is 
perhaps necessary for Slk19 to serve its function at the kinetochores. 




Figure 11. (A) N-terminus 77 amino acids are not important for the localization of 
Slk19. WT SLK19-GFP (US 2237) and SLK19-(Δ1-77)-GFP (US 3099) were arrested by α 
factor and released into 24 °C, samples were taken every 10 mins. GFP and DAPI staining 
from samples of 70 mins, 90 mins, 110 mins and 120 mins were shown. (B) N-terminus 77 
amino acids are important in augmenting centromeric cohesion. cdc20Δ slk19Δ GAL-
CDC20 strains carrying TetO/GFP-TetR constructs transformed with a CEN plasmid 
expressing full length Slk19, Slk19-R77E or Slk19-(Δ1-77) (US3986, US4024, US4025) were 
arrested in G2/M  by growth in YEPD to allow spindle formation and transient separation of 
centromeres. Nocodazole was added for 1.5 hours to destroy spindles. Samples were collected 
and cells (150 cells were counted) with separated centromeres were quantitated.  (C) Coiled-
coil domains in C terminus of Slk19 are important for physical association with Scc1.  
Extracts prepared from asynchronously growing WT strains with endogenously tagged SCC1-
HA6 and carrying either SLK19- cmyc12, slk19-(Δ327-400)-cmyc12, slk19-(Δ419-498)-cmyc12, 
slk19-(Δ511-538)-cmyc12 or slk19-(Δ543-577)-cmyc12 on CEN plasmid (US4532, US4022, 
US4020, US4021, US4023) were immunoprecipitated with anti-HA or anti-cmyc beads.  
Immunoprecipitates were analyzed by Western blotting using anti-cmyc or anti-HA antibodies 
respectively. Extracts from untagged WT (US1363) and WT cells with endogenously tagged 
SCC1-HA6 and carrying SLK19-cmyc12 on a plasmid (US4532) were used as negative and 
positive controls. Table: Slk19 constructs carrying deletions in the coiled coil domains are 
unable to restore centromeric elasticity. cdc20Δ slk19Δ cells carrying TetO/GFP-TetR 
constructs and transformed with various deletions in the coiled coil domains of Slk19 
(US4067, US4070 and US4071) were arrested in G2.  Samples were collected and proportion 
of cells (150 cells counted) with divided centromeres was determined. 
CHAPTER 3: Kinetochore protein SLK19 and nuclear division 
 95 
CHAPTER 3: Kinetochore protein SLK19 and nuclear division 
 96 
3.8 The absence of Slk19 does not affect the loading of Scc1 at 
centromeric regions and its cleavage during cell cycle progression  
Keeping in view of the physical interaction between Slk19 and Scc1, we asked 
whether the absence of Slk19 alters the timing of Scc1 cleavage by separase.  To test 
this, cdc20Δ SCC1- cmyc18 GAL-CDC20 (US3910) and cdc20Δ slk19Δ SCC1- 
cmyc18 GAL-CDC20 (US3579) strains were arrested in G2-M by growth in raffinose 
at 25°C.  Cells were then shifted to 16°C, galactose was added to induce expression of 
Cdc20, and Scc1 cleavage was monitored.  We used a lower temperature for this 
experiment to monitor Scc1 cleavage over an extended period.  As shown in Figure 
12A, the timing of the onset of Scc1 cleavage in both strains appears to be very 
similar.  At about 40 mins after the addition of galactose, Scc1 cleavage becomes 
apparent in both strains.  The remaining amount of full length Scc1 was found to be 
similar in both strains.  Additionally, the overall trench of degradation of Scc1 is 
similar in both strains.  This experiment, of course, analyzes overall Scc1 cleavage and 
does not provide any specific information about the cleavage of CEN region-bound 
Scc1, where Slk19 is initially localized. 
It can also be argued that the chromatin mass deforms in slk19Δ cells because Scc1 
binding to centromeric region is compromised in the absence of Slk19 function, 
resulting in weakening of centromeric resistance against pole-ward force.  To test this 
we performed chromatin immunoprecipitation (ChIP) on extracts prepared from WT 
cells harbouring SCC1- cmyc18 and SLK19-HA6 at their respective loci (US3779), and 
slk19Δ SCC1-cmyc18 cells (US3516).  CEN3 and CEN16 were used as centromeric-
target sequences and MET2 as target sequence in the chromosome arm (see Materials 
and methods for sequence details).  Exponentially growing cells were treated with 1% 
formaldehyde to crosslink Scc1 and Slk19 to the associated chromatin.  Cell extracts 
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were immunoprecipitated with anti-HA and anti-cmyc antibodies, and 
coimmunoprecipitated DNA was analyzed by PCR using centromeric- or chromosome 
arm-specific primers.  Consistent with an earlier report (Zeng et al., 1999), PCR 
primers complementary to CEN3 and CEN16 gave clearly visible signals from co-
immunoprecipitates obtained using anti-HA antibodies on extracts expressing Slk19-
HA6 but no signal was seen with primers complementary to the arm-region (Figure 
12B, left panel).  As expected, both sets of primers (centromeric and chromosome arm) 
gave good signals with co-immunoprecipitates obtained using anti-cmyc antibodies on 
extracts expressing Scc1-cmyc18 (the signal for Slk19 binding to CEN16 is somewhat 
weaker, but reproducible, compared with its binding to CEN3.  However, absence of 
Slk19 did not significantly alter the cross-linking of Scc1 to the centromeric region 
(Figure 12B, right panel), suggesting that Scc1’s binding to at least CEN3 and CEN16 
regions is not dramatically affected in the absence  Slk19. 




Figure 12. (A) Onset of Scc1 cleavage remains unaffected in the absence of Slk19.  
cdc20Δ GAL-CDC20 (US3910) and cdc20 slk19∆ GAL-CDC20 (US3579) strains were 
arrested in G1 at 24°C using α factor and then released into raffinose medium to deplete 
Cdc20.  After 240 mins, cells were filtered and re-suspended in galactose medium pre-
equilibrated at 16ºC to induce Cdc20 synthesis.  Scc1 cleavage was monitored by Western blot 
analysis and DNA content was measured by FACS in samples collected at various time points.  
(B) Chromatin Immunoprecipitation. Cross linked chromatin from WT SCC1-cmyc18 
SLK19-HA6 (US3779, left panel) and slk19Δ SCC1-cmyc18 (US3516, right panel) was divided 
into 2 portions.  One portion was used as input DNA.  The other half was immunoprecipitated 
with anti-HA or anti-cmyc beads.  The input DNA and coimmunoprecipitated samples were 
analyzed with PCR (24 cycles) using pairs of primers (see Materials and methods) 
corresponding to the following loci; CEN3, CEN16 and MET2.   
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3.9 Effect of Scc1 inactivation on localization and cleavage of Slk19 
Although Scc1 and Slk19 show physical interaction, the absence of Slk19 affects 
neither Scc1’s binding to the centromeric region nor the timing of its cleavage by 
separase.  In a reciprocal experiment, we tested whether inactivation of Scc1 
influences Slk19 localization to the kinetochore or its cleavage by separase.  
Temperature sensitive scc1-73 and WT cells carrying SLK19-GFP (US4077, US2237) 
at its native locus were released from G1 arrest and allowed to resume cell cycle 
progression at 37°C.  Slk19-GFP is seen at the kinetochores at 75 mins in many cells 
and on the spindle at 90 mins (Figure 13A).  By 90 mins, approximately 50% of Slk19 
is in the cleaved form (Figure 13B).  At 37°C, when Scc1 is inactivated, Slk19-GFP is 
at the kinetochore in many cells at 75 mins; it translocates to the spindle in some cells 
by 90 mins.  However, the Slk19 cleavage is delayed substantially at 37°C in that 
noticeable cleavage is seen only after 150 mins, although by this time the nuclei are 
already divided (Figure 13).  These results suggest that in the absence of functional 
Scc1, Slk19 cleavage is inefficient but its translocation to the spindle is not impaired.  
This is consistent with a previous report (Sullivan et al., 2001), which showed that 
Slk19 localization to the spindle does not require its cleavage by separase. 




Figure 13. (A) Slk19-GFP is localized to the kinetochores in the absence of Scc1 
function.  Scc1-73 SLK19-GFP cells (US4077) were arrested in G1 using α factor and 
released into either 24oC or 37oC medium.  Samples were taken every 15 mins and analyzed 
for state of nuclear division and GFP signal.  (B) Reduced cleavage of Slk19-HA6 in the 
absence of Scc1 function.  Scc1-73 SLK19-HA6 cells (US4530) were arrested G1 using α 
factor and released into either 24oC or 37oC medium.  Samples were taken every 15 mins and 
analyzed by Western blotting. 
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Figure 14. Loss of viability in the absence of Slk19 recovery from 
Nocodazole arrest.  
 
WT and slk19Δ cells were synchronized in G1 phase with α factor, and released into YEPD 
medium containing 15 μg/ml Nocodazole.  After 3 hours of treatment, cells were washed and 
released into fresh YEPD medium to resume the cell cycle progression.  Samples were 
collected every 1 hour until 8 hours to the end.  Cells from different samples were counted 
using light microscope, 200 cells were accordingly plated onto YEPD plates, kept in 24 oC and 
the cell numbers counted after a few days to check the viability of the cell after recovery from 
Nocodazole arrest. To ensure the accuracy, each sample was plated onto duplicated plates.  
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3.10 Loss of viability in the absence of Slk19 recovery from 
Nocodazole arrest 
Slk19 is important for the nuclear division during meiosis I (Kamieniecki et al., 2000; 
Buonomo et al., 2003); chromosome loss has also been observed in Slk19 deficient 
cells during mitotic division (Kamieniecki et al., 2000).  Moreover, in this study we 
found the chromatid-mass deformation phenotypes (Figure 5) and loss of centromeric 
elasticity in slk19Δ cells (Figure 10) which suggests an involvement of Slk19 in 
nuclear division during mitosis.  It would be tempting to speculate that the absence of 
Slk19 would cause a loss of viability during prolonged mitotic stagnation, although 
Slk19 is a non-essential gene.  To test this, we synchronized WT and slk19Δ cells in 
G1 phase with α factor, and released them into YEPD medium containing 15 μg/ml 
Nocodazole, which can depolymerize microtubules, activate spindle assembly 
checkpoint, and result in mitotic stagnation.  After 3 hours of treatment, cells were 
washed and released into fresh YEPD medium to allow the cells to resume cell cycle 
progression.  Samples were collected every 1 hour with 8 hours being the endpoint. 
Cells from different samples were counted under a light microscope.  200 cells were 
accordingly plated onto YEPD plates and colony number ascertained after a few days 
to check recovery from Nocodazole arrest.  The results showed 44% cell viability in 
slk19Δ cells, compared with 72% viability in WT cells (Figure 14).  This is consistent 
result from an earlier paper showing a reduced survival for slk19Δ cells during 
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3.11 Discussion 
Though it is intriguing that deficiency of a single protein like Slk19 can bring about 
such varied, but related defects it is conceivable that these defects are manifestations of 
some basic defect introduced by the lack of Slk19 function.  Since these phenotypes 
are observed in cells arrested at metaphase when Slk19 is normally localized at the 
kinetochores, they could be connected to the role of Slk19 at the kinetochore.  What 
function does Slk19 possibly serve at kinetochores?  As mentioned earlier, upon 
establishment of bi-orientation in mid-late S phase, the centromeric regions experience 
a pole-ward pull resulting in the transient separation of centromeres.  This causes the 
sister kinetochores to move ~1 μm apart and centromeric chromatin to become 
stretched, without any cohesin cleavage. The kinetochores (centromeric regions) bear 
the brunt of this force but resist any premature pole-ward movement.  It is thought that 
the cohesin complex which holds the sister-chromatids together is predominantly 
responsible for this resistance.  However, it is not clear whether the cohesin complex 
alone is sufficient for this task or whether any auxiliary protein(s) is required to bolster 
the centromeric resistance.  Our observations that the loss of centromeric elasticity in 
slk19Δ cells occurs in the absence of Scc1 cleavage and that Scc1 binding to the CEN 
region is not significantly altered (at least from the results of the CHIP assays) imply 
that the cohesin complex, while tethering sister chromatids to each other, may not be 
sufficient to endow centromeres with sufficient tensile strength to resist pole-ward pull 
by the kinetochore microtubules.  Chromatin-mass deformation and the loss of 
centromeric elasticity in the absence of Slk19 argue that Slk19 may play a significant 
role in augmenting the tensile strength of the centromeric regions.  This notion is 
supported by our observation that Slk19 physically interacts with cohesin subunit Scc1 
for which N-terminal domains of Slk19 appears to be important.  Loss of this 
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interaction due to the deletion of Slk19 N-terminal 77 amino acid residues also 
compromises the centromeric tensile strength.   Moreover, a previous study reporting 
genetic interaction between Slk19 and RFC complex involved in sister-chromatid 
cohesion is consistent with our observations (Mayer et al., 2004).  The physical 
interaction between Scc1 and Slk19 does not seem to be fortuitous but has a 
physiological consequence because Slk19 cleavage by separase is significantly altered 
in the absence of functional Scc1 (Figure 13B).  It is tempting to envisage that by 
cleaving both Slk19 and Scc1 at the onset of anaphase, separase removes the 
kinetochore resistance to pole-ward pull as well as sister-chromatid cohesion, thus 
paving the way for pole-ward movement of chromosome. 
Our live-imaging experiments show that SLK19 deficiency causes increased mobility 
of the mitotic spindle (Figure 9B).  It is conceivable that highly dynamic nature of the 
short spindle in the absence of Slk19 function is due to centromeric DNA’s dampened 
resistance to the pole-ward force, causing nucleus to move prematurely into the 
mother-daughter junction.  The rapid and repeated movement of the nucleus across the 
narrow aperture of the mother-daughter junction is what possibly causes the 
deformation of the chromatin mass.  It should be noted that chromatin-mass 
deformation that we observe in Slk19-deficient cells appears very similar to the 
nuclear migration phenotype observed in mutants defective in the FEAR pathway.  It 
can be argued that since Slk19 is a FEAR pathway component CMD phenotype in 
slk19∆ cells may be due to the failure of FEAR pathway.  However, we have examined 
other FEAR pathway mutants such as spo12Δ and cdc14-3 and find that they do not 
exhibit CMD phenotype.  Moreover, premature migration of the nucleus into the 
daughter compartment in FEAR mutants is considered to be an anaphase event (Ross 
and Cohen-Fix, 2004), whereas the CMD phenotype in Slk19-deficient cells was 
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observed under conditions where cells were unable to initiate anaphase.  These 
considerations suggest that the chromatin-mass deformation in slk19∆ cells is not due 
to the failure of FEAR network per se; on the contrary, our observations may hint at a 
new function of Slk19 at the kinetochores.  However, we must be cautious in drawing 
any definitive conclusions.  Since Slk19 is present both at the kinetochores and at the 
spindle mid-zone, it can influence the behaviour of both centromeric DNA and the 
mitotic spindle.  Hence, the CMD phenotypes we observe in Slk19-deficient cells are 
not a result of altered behaviour of any one of these structures but a combined effect of 
changed dynamics between spindle, spindle poles and kinetochores.  Precisely how the 
absence of Slk19 brings about these changes is at present experimentally difficult to 
address.  
Nevertheless, we envisage cohesin complex to be the main tether holding the sister 
chromatids together since inactivation of cohesin complex alone by growing cdc20Δ 
scc1-73 at 37°C can lead to premature nuclear division.  Based on our results, Slk19 
can be seen as the auxiliary factor that strengthens cohesion at the centromeric region 
to help resist the strong pole-ward pull by the kinetochore microtubules.  That 
centromeric region is differently regulated from that of the chromosome arm is not 
entirely unprecedented.  In vertebrates, cohesin complex dissociates from chromosome 
arms by the time cells arrive at metaphase while centromeric cohesins remain bound, 
keeping the sister kinetochores in close proximity until the onset of anaphase.  
Similarly during meiosis I, cohesion between arms of homologous pairs of sister 
chromatids dissolves but centromeric cohesion between the sister-chromatids is 
maintained until meiosis II.    The transient separation of centromeric DNA (or sister 
kinetochores) itself reflects atypical nature of cohesive forces at centromeres.  These 
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examples suggest that cells regulate centromeric cohesion somewhat differently from 
the cohesion between the chromosome arms.   
While we strongly suggest a novel role for Slk19 at the kinetochore, we do not suggest 
that Slk19 is the only factor that providing tensile strength to the centromeric DNA.    
Recent studies using biophysical and biochemical techniques have identified new 
kinetochore complexes (MIND and COMA) that appear to be important for 
kinetochore assembly (Wulf et al., 2003). Some proteins in these assemblies are 
proposed to bridge the subunits directly in contact with DNA with those associated 
with microtubules.  Slk19 exists in a tetramer and appears to interact with Nnf1p, a 
subunit of the MIND complex.  Therefore it is possible that other centromeric binding 
proteins and kinetochore components contribute, to varying degrees, to the elasticity of 
the centromeric region.  What features of Slk19, or of any other kinetochore 
component for that matter, are responsible for providing elasticity to centromeric 
region?  It is very likely that it is not any one particular component that is responsible 
for the elasticity of centromeric DNA; instead the elastic behaviour may emerge from 
the unique interaction between centromeric DNA, Slk19, Scc1 and other kinetochore 
components that are in direct contact with the kinetochore microtubules. 
The kinetochore protein Slk19 protein is non-essential.  Our results show that 
compared to wild type cells, nuclei in slk19-deficient cells tend to elongate 
prematurely, remain in this state for a longer period and take longer to divide into two 
equal halves.  During unimpeded progression through the cell cycle when cellular 
events happen in rapid succession, this defect does not seem to elicit any dire 
consequences for cells’ viability.   However, Slk19 deficiency exacerbates these 
associated defects when cells stagnate in mitosis.  As our observations suggest, in cells 
unable to initiate anaphase due to Cdc20-deficiency, absence of Slk19 leads to 
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premature nuclear migration into the daughter buds (Figure 8), elongated nucleus 
(Figure 6A), highly dynamic spindle (Figure 9B) and loss of elastic recoil of the 
centromeric region (Figure 10B).  That ~ 60% of slk19∆ cells lose viability when 
recovering from prolonged mitotic arrest (Figure 14 ) suggests that defects caused by 
Slk19-deficiency, while not of serious consequences during un-perturbed cell cycle 
progression, are detrimental to cell fitness and viability during mitotic stagnation.  In 
the wild, cells may quite frequently face mitotic stagnations particularly when cellular 
stresses result in the activation of a checkpoint and transient suspension of cell cycle 
progression.  During these periods of stagnation, it is important for cells not only to 
halt the cell cycle but also to maintain the integrity of the chromosomes while the 
repair functions are performed; this is necessary for efficient resumption of cell cycle 
progression and preservation of general cellular fitness.  Thus, the behaviour of slk19∆ 
cells emphasizes the often-mentioned refrain that non-essential genes ‘survive’ the 
evolutionary selection because of their contribution to cells’ overall fitness and long 
term survival. 
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Chapter 4 Regulation of spindle elongation by DNA 
damage checkpoint 
 
(Work presented in this chapter was carried out in collaboration with another lab 
colleague Saurabh Nirantar.  Contribution made by Mr. Saurabh Nirantar to this study 
is indicated in the specific figure legends.) 
 
4.1 Introduction 
In the previous chapter, we have explored the role of kinetochore protein Slk19 and 
found that it provides tensile strength to the kinetochore and, along with cohesin 
complex, helps centromeric region to resist the pole-ward pull by the kinetochore 
microtubules.  Interestingly, while cells can progress through the unimpeded cell cycle 
in the absence of Slk19 without any detrimental effects on growth, fitness or survival, 
Slk19-deficiency during mitotic stagnation leads to a more dynamic spindle, highly 
mobile nucleus, deformation of chromatin mass and partial loss of viability.  Hence 
cell’s ability to maintain the arrest state as well as its integrity during cellular 
stagnation is an integral part of successful recovery from cell cycle arrest and eventual 
survival.  In natural environments, brief suspension of cell division cycle leading to 
stagnation in G1, S or M phase is expected to be common since cells are frequently 
exposed to a variety of environmental stresses.  Therefore cells have evolved elaborate 
surveillance mechanisms (known as checkpoint controls) which allow them to 
transiently halt their progression through the cell cycle, maintain the arrest state and 
mount a response that would eventually lead to efficient recovery and resumption of 
the division cycle.  There are three major checkpoint controls that operate during cell 
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cycle: replication checkpoint, DNA damage checkpoint and spindle checkpoint.  In this 
chapter, we investigate the mechanism by which DNA damage checkpoint stalls cell 
cycle progression and prevents onset of anaphase to help preserve chromosome 
stability. 
It is now well established that the activation of DNA damage checkpoint leads to 
activation of two downstream kinases Chk1 and Rad53 which form two main 
regulatory branches preventing progression through mitosis (Gardner et al., 1999; 
Sanchez et al., 1999).  Activated Chk1 phosphorylates Pds1, rendering it resistant to 
APCCdc20-mediated proteolysis and thus preventing chromosome segregation.  Rad53-
Dun1 branch, on the other hand, inhibits the mitotic exit network (MEN) by activating 
Bfa1-Bub2 complex (a GAP for Tem1 GTPase, the most upstream effector of MEN) 
and prevents cells from exiting mitosis.  Rad53 also inhibits Cdc5 polo kinase, an 
essential component of MEN which both down-regulates Bfa1-Bub2 complex and 
promotes the release of Cdc14 phosphatase from the nucleolus (Sanchez et al., 1999; 
Hu et al., 2001).  Recently, Cyclic-AMP-dependent kinase (PKA) has been reported as 
a new regulator in this checkpoint control; it acts on the APC-activator Cdc20 to 
inhibit proteolytic destruction of Pds1 and therefore sister-chromatid separation (Searle 
et al., 2004).  Thus, preventing cohesin cleavage by stabilizing Pds1 is generally 
thought to be the predominant mechanism by which DNA damage checkpoint restrains 
segregation of damaged chromosomes.  
 
4.2 Cohesin cleavage in DNA damaged cells fails to trigger anaphase 
B 
To test this assertion more rigorously, we asked if removal of chromosome cohesin is 
sufficient to release cells from DNA damage checkpoint imposed G2/M arrest and 
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allow them to progress to anaphase.  We used cdc13-1 (US4753) and cdc23-1 
(US4793) strains where one of the separase recognition sites at amino acid residue 
position 268 of the cohesin subunit Scc1 had been replaced with the tobacco etch virus 
(TEV) protease-cleavable site (Uhlmann et al., 2000).  These strains also expressed 
myc-tagged TEV protease driven by GAL promoter so that cohesion between sister-
chromatids could be dissolved by addition of galactose to the growth medium.  Of the 
two strains used in these experiments cdc13-1 cells accumulate single strand breaks in 
the telomeric regions when incubated at 32ºC and arrest in a pre-anaphase with a short 
spindle, 2N DNA content and an undivided nucleus due to activation of DNA damage 
checkpoint (Figure 15A).  cdc23-1 cells, on the other hand, arrest with overtly identical 
phenotype at restrictive temperature but because of a non-functional APC since Cdc23 
is an essential subunit of APC (Figure 15A).  Cells were first synchronized by α factor 
at G1 phase in YEP medium containing raffinose at permissive temperature, and they 
were subsequently released into the same medium while at non-permissive temperature 
for 3.5 hours to induce DNA damage checkpoint or to inactivate APC.  One half of the 
cultures were transferred into medium containing galactose to induce GAL-TEV 
protease at non-permissive temperature, therefore triggering cohesion cleavage.  The 
other half of the cultures acted as controls; the cells were grown at the same 
temperature in YEPD medium (no GAL-TEV expression).  In the galactose induced 
samples, both strains expressed TEV and cleaved cohesins efficiently within 60-90 
min.  However, while ~90% of cdc23-1 cells extended their spindles and divided their 
nuclei, cdc13-1 cells failed to do so.  They appeared to undergo anaphase A but were 
unable to extend the spindle, divide their nuclei and failed to proceed to anaphase B 
(Figure 15A).  To confirm these results in individual cells, we used live cell imaging of 
cdc23-1 (US5134) and cdc13-1 (US5145) strains described above but also expressing 
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CFP-tagged spindle pole body (SPB) component Spc29 to ascertain spindle length.  
G2/M arrested cells (arrested in liquid medium for 30 mins at 32ºC prior to live cell 
imaging) were spotted onto glass slides coated with galactose-containing agarose 
equilibrated at 32ºC and spindle lengths were monitored in five independent cells 
(refer to Material and Methods).  The time lapse imaging was carried out in a chamber 
maintained at 32ºC.  While the spindles in cdc13-1 cells remained at approximately 5 
μm throughout, those in cdc23-1 cells increased their length to almost 14-23 μm 
(Figure 15B top panel).  Still images from this live cell microscopy experiment are 
shown in Figure 15B bottom panel.  Even though cdc23-1 cells did not exit mitosis or 
rebud, the spindle-length fluctuated substantially in these cells due to highly dynamic 
nature of the extended spindles.  Alternatively, it could be due to the spindle instability 
caused by the failure to release Cdc14 from the nucelolus and its subsequent absence 
from the spindle midzone (Higuchi and Uhlmann, 2005).    





Figure 15. Cohesin cleavage in DNA damaged cells fails to trigger 
anaphase B.  
 
(A) TEV experiment. G1 synchronized cdc13-1 scc1Δ scc1-TEV268-HA GAL-NLS-myc9-TEV 
(cdc13-1 TEV, US4752) and cdc23-1 scc1∆ scc1-TEV268-HA GAL-NLS-myc9-TEV (cdc23-1 
TEV, US4793) cells were released into YEP+raff medium at 32 ºC for 3.5 h.  Galactose was 
added to one half of the culture to induce TEV protease while glucose was added to the other 
half and the incubation was continued 32 oC.  Samples withdrawn at 15 min interval were used 
for anti-tubulin staining and Western blotting.  Quantitation of anaphase B spindle (≥ 7 μm) 
from different samples (a total of 120 cells from each samples were counted) is shown (top 
right panel).  The scale-bar represents 5 μm. (B) Live cell imaging. Top panel: cdc13-1 
SPC29-CFP TEV (US5145) and cdc23-1 SPC29-CFP TEV (US5134) were treated as 
described in (A).  After release into YEP+raff+Gal medium at 32 oC for 30 min, the cells were 
immobilized onto agarose coated glass slides (see materials and methods) for live cell imaging.  
Distances between two SPBs from 5 different cells for each strain were measured by Caliper 
function (Metamorph), tracked at each time point for 150 mins; results are shown as scatter 
plots.  Bottom panel: frame by frame frozen images from live cell microscopy. 
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To alleviate the concern that ‘TEV system’ may lead to possible artifacts, we used 
temperature sensitive scc1-73 allele to dissolve chromosome cohesion.  cdc13-1 scc1-
73 (US4875) cells were allowed to arrest in pre-anaphase state by incubation at 32ºC 
before being transferred to 37ºC to inactivate Scc1.  As control, a strain expressing 
GAL-PDS1 (US4873) and carrying scc1-73 allele was treated in identical manner.  
This strain arrests in pre-anaphase stage in galactose medium because over-expression 
of Pds1 (US3556) restricts Esp1, therefore preventing cleavage of cohesin.  While 
inactivation of Scc1 caused spindle elongation and nuclear division in GAL-PDS1 
scc1-73 strain, it failed to induce onset of anaphase in cdc13-1 scc1-73 cells (Figure 
15C).  To alleviate any concerns that the failure to undergo anaphase even after 
dissolution of cohesion may peculiar to cdc13-1 cells, we re-confirm these results in a 
strain which arrests in pre-anaphase stage due to a single, double-strand break induced 
by expression of galactose inducible HO endonuclease (US4877) (Keogh et al., 2006).  
Scc1 inactivation in GAL-HO scc1-73 (US 5264) cells also failed to elicit spindle 
elongation and onset of anaphase (Figure 15D).  These results strongly suggest that 
DNA damage checkpoint prevents meta-to-anaphase transition not only by inhibiting 
dissolution of sister-chromatid cohesion but also by suppressing some additional 
aspects of chromosome segregation. 




Figure 15 (C) The inactivation of Scc1.  G1 synchronized scc1-73 GAL-PDS1 (US4873), 
scc1-73 cdc13-1 (US4875) and GAL-PDS1 (US3556) cells were released into YEP+raff+Gal 
medium at 32 oC for 3.5 hrs, before being shifted to 36 oC for another 2 hrs.  
Immunofluorescent staining of 60 min samples (top panel) and quantitation of anaphase B 
spindles from different samples (a total of 120 cells were counted) (bottom panel) are shown.  
This experiment was performed by Saurabh Nirantar.  (D) DNA damage induced by GAL-
HO.  Raffinose medium-grown asynchronous cultures of GAL-HO (US4877) and GAL-HO 
scc1-73 (US5264) cells were transferred to YEP+raff+Gal medium for 5 hrs at 24 oC and 
subsequently shifted to 36 oC to inactivate Scc1. The scale-bar represents 5 μm. 
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4.3 Instability of motor proteins Cin8 and Kip1 in DNA damaged 
cells. 
It has been shown previously that DNA replication checkpoint, where Mec1 and 
Rad53 are also main effectors, prevents precocious segregation of largely un-replicated 
chromosomes by regulating spindle dynamics and that over-expression of Rad53 
during normal cell cycle causes spindle to collapse (Krishnan et al., 2004; Krishnan 
and Surana, 2005).  Therefore it is possible that DNA damage checkpoint inhibits 
chromosome segregation not only by preventing cohesin cleavage but also by 
negatively regulating spindle extension.  Since BimC family kinesins Cin8 and Kip1 
are important for the dynamic behaviour of the mitotic spindle, we determined the 
levels of these proteins in GAL-PDS1 and cdc13-1 strains expressing Kip1-HA (US 
4824 and US4678) or Cin8-HA (US4837 and US4687) from their native promoters 
after they were released from G1 arrest into galactose medium at 32ºC.  Kip1 and Cin8 
abundance peaked around 60-90 mins in GAL-PDS1 cells then progressively declined 
to a lower level (Figure 16A).  The level of Kip1 in cdc13-1 cells also peaked at 60-90 
mins but rapidly declined and disappeared by 150 mins.  Cin8, on the other hand, did 
not show any accumulation and remained at low levels throughout the experiment.  
These results indicate that the levels of Cin8 and Kip1 are substantially low, 
suggesting that these two proteins are perhaps relatively unstable in DNA damage 
arrested cdc13-1 cells. To rule out the possibility that the low levels of these proteins 
in DNA damaged cells is due to their low transcription, real- time PCR was performed 
to determine the relative mRNA levels of Cin8 (US4837 and US4687) and Kip1 
(US4824 and US4678) in GAL-PDS1 and cdc13-1 strains.  Cells were synchronized in 
G1 by α factor treatment in raffinose medium and released into medium containing 
galactose at 32 ºC.  Cdc28 mRNA, which presumably remains constant throughout the 
cell cycle, was used as an internal control.  As shown in Figure 16B, the levels of Cin8 
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and Kip1 mRNAs in GAL-PDS and cdc13-1 were comparable, though they were 
slightly higher in cdc13-1 cells.  Hence, the low levels of Cin8 and Kip1 in cdc13-1 
cells may be due to protein instability.  To test this possibility, we compared the state 
of Cin8 and Kip1 pulses in cdc28-1N and cdc13-1 strains carrying GAL-CIN8-myc 
(US3947 and US5140) or GAL-KIP1-myc (US3815 and US5139) constructs (Figure 
16C).  Like cdc13-1 strain, cdc28-1N also fails to enter mitosis at 37 ºC but failure is 
due to the defective mitotic activity of Cdc28.  While Cin8 and Kip1 pulses were 
stable in cdc28-1N cells, both were highly unstable in cdc13-1 cells, implying that 
activation of DNA damage checkpoint renders these motor proteins unstable in cdc13-
1 cells.   
It follows then that the inability of cdc13-1 cells to undergo anaphase B despite the 
removal of sister-chromatid cohesion may be due to the instability of microtubule-
associated proteins such as Cin8.  A relative deficiency in these proteins would 
preclude spindle extension which is required for chromosome separation.  To test this 
notion, cdc13-1 cells harboring ‘TEV system’ (US 4753) with or without a CEN vector 
carrying GAL-cin8-nd (non-destructible form of Cin8) (US4986) were released from 
G1 arrest into medium held at 32ºC to allow cells to arrest in G2.  Galactose was then 
added to induce Cin8-nd expression.  As expected, cdc13-1 cells not expressing Cin8-
nd attempted anaphase A upon induction of TEV but failed to undergo anaphase B 
(Figure 16D).  The majority of cells expressing Cin8-nd, however, extended their 
spindles efficiently, separated the nuclei and successfully underwent anaphase B 
(Figure 16D).  This indicates that the inability of cdc13-1 cells to segregate 
chromosomes despite dissolution of sister-chromatid cohesion is due to the failure of 
the spindle to extend which is brought about by the instability of extension-conducive 
proteins such as Cin8.   




Figure 16. (A) Motor protein levels in DNA-damaged cells.  G1 synchronized GAL-
PDS1 CIN8-HA (US4837), GAL-PDS1 KIP1-HA (US4824), cdc13-1 CIN8-HA (US4687) and 
cdc13-1 KIP1-HA (US4678) cells were released into YEP+raff+Gal medium at 32 oC.  This 
experiment was performed by Saurabh Nirantar.  (B) Real-time PCR.  G1 synchronized GAL-
PDS1 and cdc13-1 cells were released into YEP+raff+Gal medium at 32 oC.  Samples were 
collected every 30 mins for RNA extraction.  Real-time PCR were performed to detect mRNA 
levels of Cin8 and Kip, with mRNA levels of Cdc28 as control.  (C) Stability of CIN8 and 
KIP1 in DNA-damaged cells.  cdc28-1N GAL-CIN8-myc (US3947), cdc28-1N GAL-KIP1-
myc (US3815), cdc13-1 GAL-CIN8-myc (US5140) and cdc13-1 GAL-KIP1-myc (US5139) 
cells were synchronized in G1 in YEP+raff medium containing α factor at 24 oC, galactose was 
added for 1 hr to induce expression of Cin8 or Kip.  The cells were then released into YEPD 
medium containing cycloheximide at 37 oC.  (D) Over- expression of Cin8 relieves 
inhibition of anaphase B by DNA damage checkpoint.  G1 synchronized cdc13-1 scc1∆ 
scc1-TEV268-HA3 GAL-NLS-myc9-TEV (cdc13-1 TEV, US4753) cells without or with GAL-
CIN8-nd (non-destructible version) on a CEN plasmid (cdc13-1 TEV GAL-cin8-nd, US4986) 
were treated as described before.  The anti-tubulin staining of 120 min samples after TEV 
induction and the quantitation of anaphase B spindles (right panel) are shown. The scale-bar 
represents 5 μm. 
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4.4 The roles of Cdh1 and polo kinase Cdc5 in DNA damaged cells. 
What renders proteins such as Cin8 proteolytically unstable in DNA damaged cells 
like cdc13-1?  Previous reports that Cin8 and Kip1 are targeted for destruction by 
APCCdh1 (Hildebrandt et al., 2001; Crasta et al., 2006) raises the possibility that 
spindle could well be restrained from fully extending by active Cdh1 when cells are 
arrested due to DNA damage.  If this were so, then deletion of CDH1 in cdc13-1 cells 
should lead to spindle elongation after removal of sister-chromatid cohesion.  To test 
this hypothesis, cdc13-1 (US4753) and cdc13-1 cdh1∆ (US4955) strain carrying ‘TEV 
system’ were incubated at 32ºC to allow arrest in G2 and then induced to express TEV 
protease by addition of galactose to dissolve sister-chromatid cohesin.  As expected, 
cdc13-1 cells did not elongate spindle length significantly and failed to separate their 
nuclei. cdc13 cdh1∆ cells (~80%), on the contrary, showed extended spindles with 
well separated nuclei (Figure 17A).  This suggests that checkpoint-imposed constraint 
on spindle length involves APCCdh1 activity.  Therefore, we intended to determine what 
keeps Cdh1 in active state in cells arrested in G2 in response to DNA damage.   
A parallel line of investigations in our laboratory (Karen Crasta, personal 
communication) has shown that Cdh1 is inactivated during S phase by synergistic 
action of Cdc28/Clb kinase and Cdc5 polo kinase to allow accumulation of kinesin 
motors Cin8 and Kip1 required for efficient assembly of a bipolar spindle.  
Phosphorylation of Cdh1 (at S16, S42, T157 and T173) by Cdc28/Clb kinase creates four 
polo box-binding sites which then mediate Cdc5 binding to Cdh1 and leads to 
additional Cdc5-mediated phosphorylation at S125 and S258.  In this phosphorylation 
scheme, Cdc28/Clb acts as a priming kinase for the polo kinase.  Thus multiple-
phosphorylation by these two kinases is required to inactivate Cdh1 completely.  Since 
activation of DNA damage checkpoint results in the inactivation of Cdc28 kinase by 
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Tyr19 phosphorylation (Sorger et al., 1999) and Cdc5 (Cheng et al., 1998), it is 
possible that Cdh1 is not fully inactivated in cdc13-1 cells due to inadequate 
phosphorylation by these kinases.  To test this, cdc13-1 (US5175) and GAL-PDS1 
(US5205) strains expressing HA3-Cdh1 from its native locus were synchronized in G1 
and released in galactose medium at 32ºC to allow arrest in pre-anaphase state.  As 
expected, while Cdh1 immunoprecipitated from G1 cells (α factor treated) showed 
almost no phopshorylation, it was highly phosphorylated in GAL-PDS1 cells.  
Treatment with calf intestinal alkaline phosphatase (CIP) causes lower-mobility bands 
to disappear suggesting that their lower mobility is indeed due to phosphorylation.  
Though Cdh1 was also phosphorylated in cdc13-1 cells, the extent of phosphorylation 
was significantly lower in comparison to that in GAL-PDS1 cells (Figure 17B).  This is 
consistent with the lower Cdc5 kinase activity (estimated using casein as a substrate) 
in preanaphase-arrested cdc13-1 cells (US5260) as compared with GAL-PDS1 cells 
(US5262) or nocodazole (Noc) treated wild type cells (US3259) (Figure 17C).  The 
low Cdc5 kinase activity and weak phosphorylation of Cdh1 in cells with DNA 
damage, together with the recent identification of synergistic action of Cdc28/Clb 
kinase and Cdc5 polo kinase in phosphorylating Cdh1 in S phase strongly support the 
notion that the role of Cdh1 in cells with DNA damage is tightly connected with the 
activity of Cdc5. 




Figure 17. Involvement of Cdh1 and Cdc5 in the regulation of spindle 
elongation in DNA-damaged cells.  
 
(A) TEV experiment. Exponentially growing cdc13-1 scc1Δ-TEV268-HA3 GAL-NLS-myc6-
TEV (US4753) and cdc13-1 cdh1Δ scc1∆ scc1-TEV268-HA3 GAL-NLS-myc9-TEV (cdc13-1 
cdh1Δ TEV, US4955) cells were arrested in G2 by growth in YEP+raff medium at 32 oC for 
3.5 hrs and subsequently released into YEP+raff+Gal medium at 32 oC.  The anti-tubulin 
staining of the 120 min samples after TEV induction and quantitation of anaphase B spindle 
(top right panel) are shown.  Western blot shows the levels of Scc1-TEV268-HA3, NLS-myc9-
TEV and G6PDH. The scale-bar represents 5 μm.  (B) Partial phosphorlyation of Cdh1 in 
DNA-damaged cells. G1 synchronized GAL-PDS1 HA3-CDH1 (US5205) and cdc13-1 HA3-
CDH1 (US5175) cells were released into YEP+raff+Gal medium at 32 oC for 3 hrs and cells 
extracts were prepared for immunoprecipitation.  The abundance of hyperphosphorylated 
forms (slow migrating bands) were measured using a densitometer and represented as the ratio 
of phosphorylated to non-phosphorylated forms (right panel).  (C) Inhibition of Cdc5 kinase 
activity in DNA damaged cells. G1 synchronized GAL-PDS1 CDC5-HA3 (US5262) and 
cdc13-1 CDC5-HA3 (US5260) cells were released into YEP+raff+Gal medium at 32 oC for 3 
hrs. Cdc5 immunoprecipitated from these cells was used in in vitro kinase assays with 20 μg 
casein as a substrate.  Cdc5 kinase from wild type cells expressing CDC5-HA3 (US3259) 
arrested in mitosis by Nocodazole (Noc) treatment and beads not incubated with cell extracts 
(B) were used as additional controls.  The amount of Cdc5 kinase in the immunoprecipitates 
for in vitro kinase assays was detected by Western blotting.  
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Furthermore, to determine if the lower Cdc5 kinase activity in cdc13-1 cells correlates 
with its phosphorylation caused by checkpoint effectors, cdc13-1 (US5260), GAL-
PDS1 (US5262) and cdc13-1 rad53-21 (US5261) cells expressing Cdc5-HA3 from its 
native locus were grown in galactose medium at 32ºC.  Whole cell extracts from these 
strains were subjected to 2-dimentional gel electrophoresis.  Hypo- and hyper-
phosphorylated forms of Cdc5 can be seen conspicuously in cdc13-1 cells (designated 
by grey and black arrows, respectively), which disappear upon treatment with CIP 
(Figure 17D).  Hyper-phosphorylation of Cdc5 appears to be dependent on DNA 
damage checkpoint because these phosphorylated spots are absent in GAL-PDS1 cells 
which, unlike cdc13-1 cells, arrest in pre-anaphase state due to Pds1 overexpression.  
Cdc5 hyper-phosphorylation is also absent in cdc13-1 rad53-21 cells, though hypo-
phosphorylated forms are still present, indicating that Rad53 is responsible for hyper-
phosphorylation of Cdc5 in cdc13-1 cells (Figure 17D).  Previous studies which 
detected the phosphorylation of Cdc5 in cells with DNA damage centered 
immunoprecipitation as the main tool.  However, in our experience, the mobility shift 
of Cdc5 due to phosphorylation cannot be clearly resolved by one dimension gel 
electrophoresis.  The application of 2D gel electrophoresis methods to determine the 
phosphorylation of Cdc5 should be able to enhance the resolution. 
If insufficient phosphorylation of Cdh1 in cdc13-1 cells is due to inactivation of Cdc5 
because of its hyper-phosphorylation by Rad53, over-expression of Cdc5 in cdc13-1 
cells should inactivate Cdh1 via hyper-phosphorylation, thus leading to spindle 
elongation and nuclear division.  To test this notion, we used cdc13-1 cdc14-3 strain 
with or without GAL-myc3-CDC5 and expressed HA3-Cdh1 from its native promoter.  
cdc14-3 mutation was used in these strains to prevent cells from exiting mitosis so that 
the effect of Cdc5 on meta-to-anaphase transition can be discerned clearly since over-
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expression of Cdc5 in cdc13-1 cells is known to trigger mitotic exit (Sanchez et al., 
1999; Hu et al., 2001).  Cells were released from G1 arrest into galactose medium at 
32ºC and spindle length, nucleus division and Cdh1 phosphorylation status were 
monitored.  In cdc13-1 cdc14-3 cells (US5293), the spindle lengths remained within 2-
4 μm (short spindle), nuclei were undivided and Cdh1 showed weak phosphorylation.  
However, over-expression of Cdc5 (US5303) clearly induced spindle elongation 
(length >7 μm in ~70% cells), nuclear division and Cdh1 hyper-phosphorylation 
(Figure 17E). 




Figure 17 (D) Cdc5 Phosphorylation in DNA damaged cells.  G1 synchronized cdc13-1 
CDC5-HA3 (US5260), GAL-PDS1 CDC5-HA3 (US5262), and cdc13-1 rad53-21 CDC5-HA3 
(US5261) cells were released into YEP+raff+Gal medium at 32 oC for 3 hrs.  Samples were 
collected for 2D gel electrophoresis (see materials and methods).  Black arrows represent 
hyper-phosphorylated forms, grey arrows represent hypo-phosphorylated forms of Cdc5 and 
star represents non-phosphorylated modified forms of Cdc5.  This experiment was partly 
performed by Saurabh Nirantar.  (E) Spindle extension induced by Cdc5 over-expression.  
G1 synchronized cdc13-1 cdc14-3 HA3-CDH1 (US 5293) and cdc13-1 cdc14-3 HA3-CDH1 
GAL-myc3-CDC5 (US5393) cells were released into YEP+raff+Gal medium at 37 oC for 4 hrs.  
Anti- tubulin staining of samples from 180 mins (top left panel) and quantitation of cells 
grouped according to spindle lengths are shown (top right panel).  The scale-bar represents 5 
μm.   Cdh1, Cdc5 and G6PDH were detected in whole cell extracts by Western blotting.  For 
CIP treatment, Cdh1 was immunoprecipitated from the 240 min-samples (right panel). 
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4.5 Over-expression of ‘active Cdh1’ (not phosphorylatable by Cdc5) 
inhibits spindle extension in checkpoint- defective cells. 
The observations described in the preceding sections suggest that DNA damage 
checkpoint restrains spindle elongation by keeping Cdh1 in partially active state 
through phosphorylating and inactivating Cdc5.  If so, then expression of ‘Cdc5-
resistant Cdh1’ in checkpoint-defective cells (which normally continue through mitosis 
and extend their spindles) should suppress spindle elongation. Cdh1 contains two 
motifs that resemble the consensus Cdc5 phosphorylation sites: D/E-X-S/T-Φ-X-D/E 
where ‘Φ’ denotes a hydrophobic residue (Nakajima et al., 2003).  Substitution of 
serine residues (S125 and S258) by alanine at these sites abolishes Cdc5-mediated 
phosphorylation of Cdh1 and prevents its inactivation by Cdc5.  CDH1 or CDH1-
S125A-S258A (‘Cdc5-resistant’) under the control of weak GAL promoter (GALL) 
were introduced into cdc13-1 mec1 strain and G1 synchronized cells were released into 
galactose medium at 32ºC.  As expected, cdc13-1 mec1 cells (US3135) did not arrest 
at G2 but instead progressed into mitosis, elongated their spindle and divided their 
nuclei.  The spindle subsequently disassembled and the cells entered the next cell cycle 
(Figure 18A, top panel).  Cells expressing GALL-CDH1 (US5328) also extended the 
spindle but the progress through mitosis is somewhat sluggish (Figure 18A, middle 
panel), which is consistent with weaker expression from GALL (Zachariae et al., 
1998).  However, expression of GALL-CDH1-S125A-S258A (US5296) prevented 
spindle elongation almost completely suggesting that Cdc5-mediated inactivation of 
Cdh1 is indeed required to allow spindle extension in checkpoint defective cells.  
These result further supports the notion that Cdc5 plays an important role in the 
regulation of Cdh1 in cells with DNA damage. 




Figure 18. (A) Over-expression of ‘active Cdh1’ (not phosphorylatable by Cdc5) 
inhibits spindle extension in checkpoint-defective cells. G1 synchronized cdc13-1 
mec1(US3135), cdc13-1 mec1 GALL-CDH1 S125A S258A (US5296) and cdc13-1 mec1 
GALL-CDH1(US5328) cells were released into YEP+raff+Gal medium at 32 oC for 3 hrs.  
Anti-tubulin staining of 180 min samples and quantitation of anaphase B spindle are shown.  
(B) Over-expression of Rad53 suppresses spindle elongation in a ‘non-checkpoint’ 
context. G1 synchronized cdc23-1 scc1Δ SCC1-TEV268-HA3 GAL-NLS-myc9-TEV (US4793) 
and cdc23-1 scc1Δ SCC1-TEV268-HA3 GAL-NLS-myc9-TEV GAL-6XRAD53-HA (US4965) 
cells were treated as described before.  Western blot shows the levels of Scc1-TEV268-HA3, 
NLS-myc9-TEV, Rad53-HA and G6PDH. The anti-tubulin staining of the samples taken at 90 
mins after TEV induction (bottom left) and quantitation of anaphase cells (right panel) are 
shown. The scale-bar represents 5 μm. 
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4.6 Over-expression of Rad53 suppresses spindle elongation in a ‘non-
checkpoint’ context 
Since Rad53 is responsible for Cdc5 inactivation during DNA damage checkpoint 
response, we asked whether it can also influence spindle behaviours in a non-
checkpoint context.  cdc23-1 cells harbouring ‘TEV system’ with or without 6 copies 
of GAL-RAD53-HA at TRP1 locus were released from G1 arrest into raffinose medium 
at 32ºC.  Once the cells had arrested in pre-anaphase state, they were transferred to 
galactose medium pre-warmed at 32ºC.  While cells (US4793) without Rad53 over- 
expression extended their spindle and underwent anaphase (100%) upon dissolution of 
sister-chromatid cohesion due to TEV induction, Rad53 over-expressing cells 
(US4965) showed a reduction in the capacity to elongate the spindles (~60%) implying 
that checkpoint effector Rad53 can modulate spindle behaviour outside of the 
checkpoint context (Figure 18B). 




Figure 19. Regulatory scheme by which DNA damage checkpoint 
prevents progression through mitosis (see text for more details).   
 
While Chk1 mediates the stabilization of Pds1 and preserves sister-chromatid cohesion, Rad53 
suppresses mitotic exit by inhibiting Cdc5 (and activating Bfa1-Bub2 GAP).  We propose a 
novel branch in this scheme in which partial inhibition of Cdc5 and Cdc28/Clb by the 
checkpoint maintains Cdh1 in quasi-active form to prevent accumulation of microtubule–
associated proteins such as Cin8 and spindle elongation.  Although this scheme represents the 
three branches as independent control arms, we believe there is a significant functional overlap 
among these regulatory arms for DNA damage checkpoint to operate in a concerted manner. 
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4.7 Discussion 
It is well established that DNA damage checkpoint exercises its negative control over 
mitotic progression through Chk1 and Rad53 kinases: while Chk1 kinase prevents 
segregation of damaged chromosomes by stabilizing Pds1, Rad53 kinase inhibits 
mitotic exit by inactivating Cdc5 polo kinase, a prominent member of the controls that 
regulate mitotic exit such as MEN and FEAR (Fourteen Early Anaphase Release) 
(Stegmeier et al., 2002).  However, the fact that dissolution of sister-chromatid 
cohesion is not sufficient to allow cdc13-1 cells to undergo anaphase B (Figure 15) 
implies that preventing dissolution of sister-chromatid cohesion by Chk1-mediated 
stabilization of securin is not the sole mechanism through which the checkpoint 
suppresses chromosome segregation.  The observations documented here point to a 
new control circuit that prevents chromosome segregation even in the absence of 
sister-chromatid cohesion.  This novel regulatory branch of DNA damage checkpoint 
(Figure 18C) stems from the activation of Mec1-Rad53 axis in response to DNA 
damage which inhibits Cdc5 polo kinase.  Recently it has been shown that Cdc5 acts 
synergistically with Cdc28 kinase to inactivate APC activator Cdh1 and is responsible 
for the cellular accumulation of microtubule-binding proteins such as spindles 
elongation-conducive Cin8.  Inactivation of Cdc5 (and of Cdc28 via Tyr 19 
phosphorylation) by the checkpoint would in turn prevent inhibition of Cdh1, allowing 
it to target Cin8 and Kip1 for proteolytic destruction.  A cellular deficit of these 
proteins will then preclude elongation of the mitotic spindle.  The over-expression of 
Cdc5 (Figure 17E), deficiency of Cdh1 (Figure 17A) and ectopic expression of Cin8 
(Figure 16D) all lead to dramatic spindle elongation in DNA damaged cells strongly 
support this regulatory scheme.  That the deletion of PDS1 in cdc13-1 cells does not 
lead to spindle extension (our unpublished results) is consistent with this proposal.  
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Hence, in addition to stabilizing Pds1 via Chk1-dependent phosphorylation, DNA 
damage checkpoint also maintains Cdh1 in an active state to restrain spindle 
elongation, imposing a two pronged control suppressing the complete segregation of 
damaged chromosomes. 
 Since Cdc5 is known to facilitate cleavage of cohesins by separase (Alexandru et al., 
2001), it can be argued that the reason that over-expression of Cdc5 relieves G2 arrest 
in cdc13-1 cells, is not because of Cdh1 inactivation leading to Cin8 accumulation, but 
because it allows separase-mediated cleavage of cohesin subunit Scc1.  However we 
have shown that cohesin cleavage by artificial means (induction of TEV) does not 
induce onset of anaphase in cdc13-1 cells or in cells expressing HO endonuclease.  On 
the contrary, Cdc5 overexpression results in hyperphosphorylation of Cdh1 (Figure 
17E).  Moreover, the expression of Cdc5-resistant Cdh1 precludes spindle elongation 
in checkpoint-deficient cdc13-1 mec1 double mutant (Figure 18A).  These 
observations suggest that the abolition of G2/M arrest in cdc13-1 cells by Cdc5 
overexpression is most likely via inactivation of Cdh1. 
Cdh1 has never been implicated in DNA damage checkpoint before this study.  These 
investigations also shed new light on the role of Cdc5 in this checkpoint.  Keeping 
Cdh1 in active form to retrain spindle elongation is the central piece of the regulatory 
scheme we have proposed (Figure 19).  However, it is known that expression of fully 
active Cdh1 in wild type cells results in their failure to assemble a spindle (Crasta et 
al., 2006).  The ability of budding yeast cells to arrest in G2 with a short spindle in 
response to DNA damage and to accumulate Cin8 suggests that Cdh1 is only partially 
active; it can prevent spindle elongation but not spindle assembly in these cells.  Cdh1 
is inactivated synergistically by Cdc28/Clb and Cdc5 polo kinase and both kinases are 
negatively regulated by the checkpoint pathway, raising the possibility of these kinases 
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being only partially inactivated in DNA damaged cells.  It is also known that 
abrogation of the mitotic activity of Cdc28 via substitution of Tyr19 by glutamic acid 
(mimicking fully phosphorylated state) completely inhibit SPB separation and spindle 
formation (Lim et al., 1996).  Thus, presence of a short spindle and partial loss of Cdc5 
activity in cdc13-1 cells (Figure 17) are consistent with the idea that the DNA damage 
checkpoint does not completely inactivate Cdc28/Clb and Cdc5 polo kinase in budding 
yeast.  This would result in partial inactivation of Cdh1 which will allow low level 
accumulation of Cin8 and Kip1 sufficient for spindle assembly but not for spindle 
elongation.  From a theological perspective, it would seem logical that budding yeast 
cells have developed a regulatory system, not to prevent assembly of a short spindle, 
but to prevent spindle elongation since it is the untimely elongation of the mitotic 
spindle that is gravely detrimental to chromosome stability. 
Our findings implicate Cdh1 as a new effector in the DNA damage checkpoint 
pathways and mitotic spindle as its novel target.  But what relevance do these findings 
have for organisms such as fission yeast Schizosacchromyces pombe or mammalian 
cells which arrest in G2 in response to DNA damage without a spindle?  It has been 
suggested that the lack of spindle in fission yeast cells arrested in G2 may be due to 
complete inactivation of Cdc2 (by Tyr15 phosphorylation) upon DNA damage (Rhind 
et al., 1997) as opposed to partial inactivation in budding yeast.  Drawing from 
budding yeast example, one would expect Cdh1-equivalent in fission yeast to be fully 
active in the DNA-damaged cells lacking Cdc2 activity.  However, it is not known 
whether the proteolytic machinery or polo kinase has a direct role in spindle biogenesis 
in fission yeast.  In mammalian cells, Cdh1 inactivation during S phase by Cdk2/cyclin 
A kinase is necessary for the onset of mitosis (Lukas et al., 1999; Sorensen et al., 
2001)  Moreover, APCCdh1 was found to be active in DT40 cells with X-irradiation 
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induced DNA damage (Sudo et al., 2001).  Whether polo kinase is involved in this 
inactivation of Cdh1 during DNA damage induced G2 arrest remains to be 
investigated.  Clearly, further investigations are necessary to determine if the control 
circuitry involving Cdh1, Cdk1, polo kinase and kinesin motors we have outlined in 
budding yeast is operative in other organisms. 
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Chapter 5 Perspective 
 
5.1 Maintaining the centromeric elasticity 
Chromosome segregation is the central act of mitosis in which mitotic spindle plays 
the critical role of physically separating the sister chromatids.  The way that the spindle 
is assembled and anchored makes it a tension-ridden structure.  The presence of 
tension within the spindle structure is not only important for the proper functioning of 
the spindle but it also serves as a parameter for the monitoring of spindle integrity by 
the cellular surveillance systems such as the spindle checkpoint.  The tension is in part 
generated by the opposing forces operating within the spindle structure: the pole-ward 
pull by the kinetochore-microtubules resisted by the cohesin complex that holds the 
sister chromatids together.  Since kinetochore/centromeric DNA bears the brunt of the 
pole-ward force, it has been thought that the cohesive force holding the sister-
centromeres should be greater than that holding the arm regions of sister-chromatids.  
The facts that sister-centromeres transiently separate prior to anaphase under the 
influence of pole-ward force and that this separation disappears upon disassembly of 
microtubules reveal the elastic nature of the centromeric DNA.  In material-property 
terms, elasticity represents a material’s tensile strength which allows the material, a 
polymer for instance, to withstand force without undergoing permanent deformation.  
What then provides the elasticity or tensile strength to the centromeric region that must 
face the pole-ward force during every mitotic division?   It has been suggested that 
cohesin binding sites clustered around centromeric region may be sufficient to oppose 
the pole-ward force.  The pre-anaphase deformation (the ability to be stretched) of 
centromeric DNA has been explained in terms of the compaction of centromeric 
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proximal DNA which is inferred to have substantially lower packing ratio.  Given that 
kinetochore protein Slk19 is cleaved by separase within the same time frame as 
cohesin subunit Scc1 led us to suspect that Slk19 may contribute to centromeric 
cohesion (or tensile strength).  Hence, we explored the role of kinetochore protein 
Slk19 in chromosome segregation and in the maintenance of centromeric elasticity.  
As our results show, centromeric DNA loses its elasticity in the absence of Slk19 and 
the nucleus becomes highly mobile such that it repeatedly crosses into the daughter 
cells leading to conspicuous deformation of chromatin mass.  Live cell imaging 
suggests that the mitotic spindle also becomes highly dynamic in Slk19 deficient cells.  
These varied phenotypes raise an important question: how does deficiency of a non-
essential, single protein cause different cellular defects?  We have argued earlier that 
chromatin mass deformation in Slk19 deficient cells is caused by loss of centromeric 
elasticity, rendering centromeric region unable to resist the pole-ward pull.  It is also 
possible that the chromatin deformation is caused by highly mobile nucleus that 
repeatedly crosses the narrow mother-daughter neck.  At present our results cannot 
distinguish between these two possibilities.  We suspect that the varied cellular defects 
caused by the absence of Slk19 is not a result of altered behaviour of one specific 
structure (spindle, centromeric region, or nucleus) but a combined effect of changed 
dynamics between spindle, spindle poles, centromeric region and nuclear movement.  
Unequivocal resolution of this issue is at present experimentally difficult.  
The physical interaction between Slk19 and cohesin subunit Scc1, taken together with 
our other observations, has prompted us to suggest that Slk19 provides the tensile 
strength to maintain the centromeric elasticity.  However, the precise nature of the 
interaction between cohesins and Slk19 is not known.  It also remains to be elucidated 
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how Slk19 and cohesin interaction gives rise to the emergence of centromeric tensile 
strength. 
Although centromeric DNA loses its elasticity and the chromatin mass prematurely 
elongates in the absence of Slk19, slk19Δ cells remained viable. Is maintenance of 
centromeric resistance to spindle forces, then, at all necessary for cell survival?  
During unimpeded progression through the cell cycle, cellular events happen in fairly 
rapid succession once cells enter mitosis.  Under these circumstances, partial loss of 
centromeric elasticity may not have severe consequences.  However, during mitotic 
stagnation (such as checkpoint induced delays), loss of centromeric resistance to pole-
ward pull leading to visible nuclear distortion may compromise the cells’ fitness when 
they resume progression through the cell cycle.  We have observed that a significant 
loss of viability in cells recovering from mitotic arrest in the absence of Slk19 
function.  This suggests that the maintenance of centromeric elasticity is important for 
preserving cells’ fitness and viability during mitotic stagnation. 
 
5.2 Cdh1 and DNA damage checkpoint 
As discussed earlier, transient suspension of cell cycle progression or ‘cell cycle 
stagnation’ is an important aspect of cells’ response to cellular stresses (internal or 
external) during which cells can initiate responses to repair any damage it may have 
incurred.  It is important for cells to be able to impose such cell cycle arrests for a 
prolonged period without causing cellular imbalance so that the recovery pathways can 
be subsequently executed efficiently.  In the second part of the thesis we have 
investigated how one such control pathway, DNA damage checkpoint, prevents 
segregation of damaged chromosomes.  It has been established previously that DNA 
damage checkpoint inhibits chromosome segregation by preventing cohesin cleavage 
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via promoting the phosphorylation of securin.  We were prompted to explore the 
regulatory connection between DNA damage checkpoint and spindle dynamics 
because of the recent finding that replication checkpoint effectors Mec1 and Rad53 
prevent premature segregation of chromosomes during early S phase arrest through 
regulating spindle dynamics.  Since Mec1 and Rad53 are also effectors of DNA 
damage checkpoint, it was reasonable to hypothesize that DNA damage checkpoint 
may also regulate spindle dynamics to prevent sister-chromatid separation. 
Our investigation has implicated for the first time APC-activator Cdh1 in this 
checkpoint pathway.  The regulatory branch that controls the spindle elongation also 
involves polo kinase Cdc5 and elongation-conducive microtubule binding protein such 
as Cin8.  A parallel study in our laboratory has shown that Cdh1 is inactivated by 
synergistic action of Cdc28 and polo kinase during S phase.  Upon DNA damage, 
activation of Chk1 and Rad53 kinases leads to inactivation of Cdc28 and polo kinases, 
keeping Cdh1 in an active state.  Active Cdh1 in turn targets Cin8 for proteolysis and 
hence prevents spindle elongation.  We have emphasized that Cdc28 and polo kinase 
are partially inactivated by DNA damage checkpoint and therefore Cdh1 is in a 
partially active state.  This is inferred (not directly shown) from other studies in our 
laboratory (now published) that full inactivation of Cdc28 or full activation of Cdh1 
results in cells’ failure to assemble a spindle.  That DNA damaged cells arrest with a 
short spindle suggests that Cdh1 may be only partially active in these cells. Partially 
active Cdh1 cannot  prevent spindle assembly but can prevent the spindle from 
elongating.  This inference also implies that while lower levels of microtubule-
associated proteins like Cin8 are sufficient to assemble a short spindle from side-by-
side SPBs, higher levels are required for the full extension to facilitate sister-chromatid 
separation.  The importance of Cdh1 status for initiation of mitosis in other systems 
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has been reported previously.  Cdh1 inactivation during S phase by Cdk2/cyclin A 
kinase is necessary for the onset of mitosis (Lukas et al., 1999; Sorensen et al., 2001).  
Moreover, APCCdh1 was found to be active in DT40 cells with X-irradiation induced 
DNA damage (Sudo et al., 2001).   
In organisms such as budding yeast, which upon exposure to DNA damage arrest with 
a short spindle, the utility of a control that regulates spindle extension can be 
rationalized.  But what relevance do our findings have for organisms such as the 
fission yeast Schizosaccharomyces pombe or mammalian cells which arrest in G2 in 
response to DNA damage without a spindle?  First, there has been some debate about 
the importance of Cdc2’s role in budding and fission yeast.  It has been suggested that 
the arrested spindle in fission yeast cells brought about by DNA damage is 
predominantly due to inactivation of Cdc2 (by Tyr 15 phosphorylation) (Rhind et al., 
1997), as opposed to partial inactivation in budding yeast (Amon et al., 1992; Sorger et 
al., 1992).  As is the case for fission yeast, Xenopus, and mammalians cells, Wee1 is 
stabilized in cells arrested in G2 in response to DNA damage (O'connell, et al., 1997; 
Michael et al., 1998; Raleigh and O'Connell, 2000). This is consistent with the 
prominent role of Cdc2 inactivation in DNA damage imposed arrest.  However, in 
budding yeast, neither the deficiency in Swe1 (Wee1 homologue) nor expression of 
Cdc28F19 (constitutively active Cdc28) can overcome the G2/M arrest implying that 
Cdc28 regulation may not be central to the imposition of G2/M arrest.  A recently 
published report shows that Swe1 does accumulate in budding yeast cells exposed to 
DNA damage (Liu and Wang, 2006).  Moreover, we find that the Swe1 deficiency in 
cdc13-1 TEV cells leads to full spindle extension.  These observations do suggest some 
parallels between the two yeasts.  As for the regulation of spindle extension by DNA 
damage checkpoint in fission yeast and mammalian cells, the issue remains 
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unresolved.  It is not known if polo kinase is regulated in response to DNA damage to 
modulate aspects of mitosis other than the ones connected to Cdc2 
activation/inactivation.  Whether Cdh1 at all features in DNA damage checkpoint 
imposed arrest or if Cdc2 and polo kinase act synergistically, like in budding yeast, to 
inactivate Cdh1 has not been tested.  Further investigation are required to ascertain if 
the new regulatory branch we have described for the DNA damage  response in 
budding yeast has any parallels in other systems. 
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Chapter 6 Conclusion and future work 
 
6.1 Slk19 and mitotic arrest 
Although Slk19 is a non- essential gene, our results show that deficiency of Slk19 can 
lead to multiple defects such as chromatin mass deformation, highly dynamic spindle, 
premature nuclear migration into the daughter and the loss of centromeric elasticity. 
Our findings that Slk19 physically associates with cohesin subunit Scc1 and that Slk19 
cleavage by separase Esp1 is inefficient in the absence of Scc1 imply a role for Slk19 
in augmentation of cohesion at the centromeric region.  The ‘strengthened cohesion’ 
may provide sufficient elasticity to this region to withstand the pole-ward pull exerted 
by the kinetochore-microtubules.  In light of this conclusion, excessively dynamic 
spindle in the absence of Slk19, which most likely gives rise to premature nuclear 
migration into the daughter, may be interpreted as a reflection of diminished ‘holding 
power’ of the centromeric DNA.  However, the precise nature of the interaction of 
Slk19 with the cohesin complex and the mechanism by which this interaction gives 
rise to the emergence of centromeric tensile strength remain to be elucidated.   
The cellular defects caused by Slk19 deficiency, though barely noticeable during cells’ 
uninterrupted progression through cell cycle, are acute when cells are stagnating at 
metaphase.  Since cellular events happen in rapid succession once cells enter mitosis, 
the defects that arise due to lack of Slk19 may not have sufficient time to build in 
intensity.  However, during stagnation such defects are amplified because the cellular 
dynamics, not directly linked to the arrest state, continues and may cause physiological 
imbalance.  This implies that maintenance of cellular integrity in an arrest state 
requires a ‘better managed response’ to physiological dynamics compared to a mere 
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transition through such a state. These considerations highlight the importance of 
‘nonessential’ proteins such as Slk19 in the maintenance of cellular integrity when 
yeast cells stagnate during mitosis.  It is likely that protein(s) at kinetochores serving a 
function similar to that of Slk19 in yeast may exist in other organisms, which may be 
an interesting subject for further study.  
 
6.2 DNA damage checkpoint and the regulation of spindle elongation 
One of the central functions of DNA damage checkpoint is to prevent segregation of 
damaged chromosomes until the damage is repaired.  It is generally believed that the 
preservation of sister chromatid cohesion by Mec1-Chk1 branch is the sole mechanism 
by which checkpoint prevents onset of chromosome segregation in budding yeast.  
However, our results show that forced removal of sister chromatid cohesion in cells 
with damaged DNA do not fully release them from mitotic arrest, suggesting that other 
controls exist that prevent cells from proceeding to anaphase in the absence of sister-
chromatid cohesion.  Our results suggest a novel regulatory scheme involving Rad53, 
polo kinase Cdc5 (and Cdc28), APC activator Cdh1 and motor proteins Cin8 and 
Kip1, which prevents elongation of the mitotic spindle and thus inhibits chromosome 
segregation (anaphase B).  Preservation of Cdh1 in quasi-active state is the ‘center 
piece’ of this regulatory scheme.  Hence Cdh1 emerges as a novel effector in DNA 
damage-induced checkpoint control.  The fact that the over-expression of Cdc5, 
deletion of Cdh1, over-expression of Cin8 all cause full mitotic spindle extension in 
DNA-damaged cells strongly suggest that the mitotic spindle is a target of DNA 
damage checkpoint.   
Many details of this regulatory scheme indeed remain to be resolved.  For instance, it 
is not known what sites in Cdc5 polo kinase are phosphorylated by Rad53.  Similarly, 
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it is not clear how the checkpoint pathway activates Swe1 (budding yeast homologue 
of wee1) to inactivate Cdc28 by Tyr19 phosphorylation.  It will be of interest to 
explore whether Cdh1 is an effector of DNA damage checkpoint in other organisms.  
Although Cdh1 has been reported to be active in DNA damaged DT40 cells (Sudo et 
al., 2001), the nature of its involvement is not known. Similarly, it is not clear whether 
synergistic action of Polo kinase and Cdk1 is required for the inactivation of Cdh1 in 
other organisms.  Clearly, further investigations are necessary to determine if the 
control circuitry involving Cdh1, Cdk1, polo kinase and kinesin motors we have 
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DNA damage checkpoint imposes cell cycle arrest to prevent segregation of damaged 
chromosomes1.  In budding yeast, Mec1, Chk1 and Rad53 (homologous to human 
ATM/ATR, Chk1 and Chk2 kinase, respectively) are among the main effectors of this 
surveillance pathway2.  The DNA damage checkpoint is thought to inhibit segregation 
of damaged chromosomes by preventing separase-mediated cleavage of cohesins3,4.  
Here, we describe a new regulatory network that prevents segregation of damaged 
chromosomes in the absence of sister-chromatid cohesion by inhibiting spindle 
elongation.  This control circuit involves Rad53, polo kinase, anaphase promoting 
complex (APC) activator Cdh1 and the bimC kinesin family proteins Cin8 and Kip1.  
We show that inhibition of polo kinase by Rad53 maintains Cdh1 in partially active 
state which in turn prevents accumulation of Cin8 and Kip1, thus precluding spindle 
elongation.  Hence, DNA damage checkpoint suppresses both cohesin cleavage and 
spindle elongation to preserve chromosome stability. 
    -------------------------------- 
 
Cells respond to chromosomal injuries by triggering DNA damage checkpoint which 
activates repair processes, induces transcription of genes that facilitate recovery from 
the damage and arrests cell cycle progression to allow sufficient time for repairs.  In 
mammalian cells5,6 and fission yeast7, inhibition of mitotic kinase Cdc2 (Cdk1) by the 
checkpoint pathway is thought to be predominantly responsible for arresting 
progression to M phase thus preventing onset of mitotic events such as chromosome 
segregation.  In budding yeast Saccharomyces cerevisiae, however, expression of 
activated Cdc28 (Cdk1) does not abolish the checkpoint-induced G2/M arrest 
suggesting that inactivation of Cdc28 activity is not central to the mechanism that 
imposes cell cycle arrest8,9.  Instead, the checkpoint directly targets the networks 
responsible for regulating chromosome segregation and mitotic exit 3,10. 
    During normal division cycle, duplicated chromosomes are held together by cohesin 
complex to prevent premature segregation of sister chromatids.  At metaphase to 
anaphase transition, separase, a caspase-like protease encoded by the ESP1 gene, 
cleaves cohesin subunit Scc1/Mcd1 and dissolves sister-chromatid cohesion to allow 
partitioning of chromosomes by the mitotic spindles.  However, separase (Esp1) 
remains inactive until anaphase because of its association with securin (encoded by 
